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CONTROL OF VCUPR'SION AND DEPO.iTS IN STATIONARY

SBO•,..RS BSURNIMO RESIDUAL FUEL OIL

INTRODUCTION

Fire-side corrosion and deposits ar• found in boilers fired with either residual
fuel oil or coal This state-of-the-art report is primarily concerned with plants uuing
residual fuel oils, or No. 6 fuel oil, as the source of energy.

The Bureau of Yards and Docks regularly receives reports on stationary boi).ers
under Navy control. For many of the boilers, the reports indicate that the steam-
raising plant contains modern and well-equipped boilers and that they are operating
with a minimum of difficulty. Operators of other plants, because of such factors as
sudden changes in the steam demand, contamination of the fuel supply, boiler design
or installation features, or lack of facilities for measurements, inspection, or chemi-
cal analyses, are not in a good position to provide RuDocks with complete .nformation.

BuDocks is interested in developing information leading to improved perform-
ance and to economies in their steel water-tube stationary boilers which use residual
fuel oil as the main eneigy source. BuDock's interest and concern -:ises partly from
the fact that in recent years the quality of residual fuel oil has deiteriorated and is con-
inuing to deteriorate. This, and the gradual broadening of the temperature range of
S. boilers, have tended to intensify problems caused by corrosion and deposits.

BuDocks, through various commercial interests, is being ofiered a widt variety
of corrective treatments for residual fuel oil. The Navy DepartmeInt does not intend to
become bound to a single source of treatrment for residual fuel oil. An impartial in-
vestig',tion by an unbiased agency is desired to establish the best procedures for mini-

rmizing corrosion and deposits in boilers operated by BuDocks.

The type of boiler selected for a shore station in the Navy will vary according to
the service required. Some power plants provide steam for special purposes, such as
electricity generation (steam turbines) or for a testing facility (e.g. , a catapult rig).
Most of the .oiler plants provide mainly steam for hot-water heating, hospitals, cafe-
terias, shoes, and other buildings, and for supply when needed to ships in dock. The
load will vary with the time of day, with change in sepsons, -nd with the special activi-
ties at the particular base. In the selection of an oil-fired boiler, attention must also
be given to the! Navy's alternative fuel requirements in some areas; e.g., pulverized
coal or natural gas may cerve as alternative fuels.

I
An ertimate of the range of boilers uider BuDock's sdministration, x. aultirg

from discussions *ield in Washinglun, D.C. , is as followe:

Description Percentage of Int'rest

15 to l-5-psi saturated steam 70
125 to 400-psi superheated steam 20 to 25
Small utility-type boilers 5 to 10

S0 A T T E L L K• M E• M 0 P I A L. I N S T I T U T E[
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A useful discussion on the manifold types of boilers available and their charac-
teristics is given in a recent book by Shields(l85) . Because boilers vary greatly in
shape, size, and arrangement, any attempt to classify particularly troublesome areas
should be based on gcneral patterns rather than on specific designs. Jackiin,
Anderson, and Thompson(9 1 indicated that temperature is the most important single
factor affecting fire-side deposits.

Five principal temperature zones may exist in boilers. The gas and tube or
metal temperatures in each are as iollows:

Ga3 T:rnperaikure, F Tube Temperaturet F

Radiant section 3000-2000 650-•O50
Superheater 2000-1000 1200-600
Convection 1500-500 650-450
Economizer 800-300 600-ZOO
Air preheater 600-300 500-Zoo

In individual boilers, oae or more of these areas may be absent. Also, fox eaca ar.a,
the temperature found in a large boiler may be near the upper limit of the range shown,
while for a smaller boiler it may be near the lower limit of the temperature rang6.
Figure I is a schematic drawing showing some of the components often found in a steam
boiler.

Low-temperature corrosion and deposits occur in the cold end of the boiler.
These are usually caused by the condensation of an acid liquid film on the metal sur-
faces when the metal temperature drops below the acid dewpoint of the flue gases.
This situation may exist in the economizer, air preheater, and stack areasý The de-
posits are usually wet and sticky. Many materials are subject to corroafon by aqueous
acid solutions.

Similarly, high-temperature problems occur in the hot zones of the boiler. De-
posits on superheaters may be hard and adherent, and corrosion may be caused by
high-temperature oxidation or sulfidation, sometimes accelerated by the presence of
molten ash deposits.

During the past 15 years, the problems associated with the burning of residual
fuel oils have beei, greatly intensified. Difficulties associated with corrosion and de-
posits from residuai fuel oil coincided approximately with the period oi increasing in-
terest in boilers producing steam at 1000 F or higher and alsn in the development of
oil-burning gas turbines. In both of these applications, metal temperatures at certain
points would be expected to exceed about 1100 F. Heavy fuel oils had been used for
many years at lower temperatures without serious slagging or corrosion difficulties
according to Schab( 17 8 ). Therefore, it seemed apparent that part of the difliculties
were related to the higher operating temperatures. Numerous studies and in,.-ep*iga-
tions have been conducted to gain additional information ib0'ut the problem.

The large volume of published literature indicates that the interest is world wide.
Within the past few years, reviews and bibliographiep on the subject hive appeared in
several countries, covering both low- and high-temperature aspects of the problem.
Reference to these reviews are given at this point merely to provide a background on
the activities in the field, but the pertinent information they contain which relates to

",LItcrature rernemicet start Ot page 119.
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either low- or high-temperature problems will be discussed in the subsequent chapters
of this report.

BIBLIOGRAPHIFES AND REVIEWS

In 1959, a comprehensive review of the available information on corrosion and
deposits in coal-fired and oil-fired boilers and in gas turbines was published by the
American Society of Mechanical Engineers 3 ). A 10-year bibliography by Schab al-
ready has been cited(1 7 8 ). A bibliography, including short abstracts of the references
listed, on corrosion by vanadium pentoxide was prepared by the Mond Nickel Company,
Ltd. (11). As indicated by the title, most of the references deal specifically wiyh the
corrosion problem. Residual oil-ash corrosion was also discussed in a review by
Slunder (19 1), and a bibliography on the subject (listing article s prior to 1948 a.-d for
each subsequent year through 1958) was prepared by NACE Task Group T-5ii-tL, 0 ).
In Germany, Gunmz published a review covering the effects of fuel compositior, com-
bustion conditions, and me.al temperature on corrosion by flue gases. (77) Camz alao
published a bibliography including abstracts of the most recent and important articles
on corrosion by flue gases. (76 ) Another comprehensive review, specifictlly relating
to the high-temperature corrosion caused by vanadium pentoxide, was published in
England by K. Sachs. (175) A review of the literature, also on the vanadium pentoxide
problem, was prepared by Fairman° (55) Two reviews of gas-turbine fuels(47, 6 1) in-

cluded discussion of the corrosion and deposition problems associated with residual oil.
A very recent survey compiled by Edwards( 5 1 ), on behalf of the Admiralty Fuels and
Lubricants Committee, includes a comprehensive discussion of fire-side corrosion and
deposits in oil-fired naval and land-based boilers and in gas turbines, and a bibliography
of over ZOO references. Several chapters in a recent Russian book( 1 9 5 ) are coacerred
with the behavior of heat-resistant alloys under vanadium corrosion conditions, and
with preventive measures such as coatings for metals, and additives in the oil. An ab-
stract of an article by Panetti( 14 3 ) indicates it is a review of the subject publisned in
Italy. Several useful reviews of low-temperature corrosion also have been presented.
Two very useful ones are those by Kear( 9 8 ) and by Moskovitz( 1 3 5 ).

Most recently an international conference was held in England by the Central
Electricity Generating Board in May 1963, to review again the vast amount of informa-
tion available today on external corrosion and deposits. In all, 46 papers were pre-
sented to the 150 corrosion technologists present. Publication is planned of the
proceedings of this conference, but the material is available at the time of writing
only as reprints.

While these bibliographies may show some duplication in references, the topics
emphasized in each of the various reviews varied according to the objectives of the
reviewers.

8 A T T E L L E SA 9 M 0 R I A L I N S T I T U T C
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CHAPTER i. FLUE-GAS CONDENSATE CORROSION IN
THE LOWTEMPERATURE ZONES OF THE BOILER

CORROSION IN LOW-TEMPERATURE ZONES

Susceptible Boiler Components

The economizers, air preheaters, and stacks of oil-burning water-tube boilers
are particularly susceptible to corrosive attack, as are fire tubes in some shell-type
boilers, because conditions are often favorable at these sections for the formation of
corrosive liquid films by condensation of gaseous combustion products. (2 12) It is well

established that these boiler components are attacked by flue-gas condenbate films at
higher reaction rates than is the case when these items are maintained in the dry state
at temperatures sliohtly above the dewpoint.

Flue-Gas Compositional Factors

Sulfur Compounds

The major factor in corrosicon observed at the low-teryperature end of the boiler
is the acidic sulfur compounds present in the combustion gases. Under some special
conditions, hydrochloric or nitric acids also may form, and their presence in the flue
gas would tend to increase the rate of attack.

Deposits in the low-temperature zones of the boiler are composed largely of iron
sulfates, sulfuric acid, carbon, and ash. Since less ash is formed in oil firing than in
coal firing, thc problems associated with ash deposits usually are less severe in oil-
fired boilers.

Sulfuric Acid

"The major purtion of the sulfur in the fuel is burned and appears as sulfur dioxide
in the flue gas. A small portion of the SOZ may be further oxidized to SO 3 . The dew-
point is markedly affected by the total SO 3 present. Films of sulfuric acid ara formed
on metal surfaces at relatively high temperatures, such as 350 F, as a result of the
condensation of sulfurik acid vapor formed by the combination of SO 3 and water vapor
in the flue gts. Temper,,,tures of 350 F and ov.-er often arise as the flue gas apTrroaches
the exit end of the hoil, r. In most boil. ra, the much lower -netal temperatures of 100
to 105 F required fur che deposition of l•uLfurous acid ard hýdrochloric acid are not
reachee.

The dcwpoint of the flue gai is markedly increased by small increases in theI sulfur content of the fuel oil, up to about 0. 5% sulfur. At higher sulfur contents in the

0 A OAYTELL E aME 0oIAL I I T$ U C
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fuel, the increase in S03 in the flue gas is much more gradual and follows the relation-
ship illustrated in Figure Z, taken from data published by Rendle and Wildon( 1 6 6 ).
These authors also summarized results from other investigations( 4 0 i 58,Z04).

400

300

IL 0

39 ' a Corbett and Fireday(4°)

O * Flintet al.te (0

-O Taylor and Lewis,° 4)
All other points Rendle andWilsdont•F0

0o 1 1 J
0 2 5 4 5 6

Sulfur Content of Oil, per cent

FIGURE Z. RELATIONSHIP OF DEWPOINT TO SULFUR CONTENT
OF OIL(1 6 6 )

Data refer to Z5% excess air for combustion.

It can be seen that in order to lower the dewpoint below about Z50 F, it would be
necessary to reduce the sulfur content of the oil well below 0. 5%. The control of low-
temperature acid corrosion by removal of the sulfur in the fuel oil is not economically
feasible, accorditig to psesently available information.

It is of interest to note that at very low excess air, when the oxygen in the flue
gas is less than about 0.5 per cent, there is a marked decre.-se in the S03 level,
irrespective of the sulfur content of the fuel.

Dewpuint Determinations. Recently, the dewpoint in boilers was measured by
different methods by Alexander and her Psociateu. (P) Thvy conchuded that, at .east at
low S0 3 contents, there is no uimple relationship betwen the dewpoint and the amount
of S'ý -n the flue gas, Their results, reproduced in Figure 3, show that even at low
SO 3 concentration (such as Z to 10 ppm), the dewpoint can be a3 high a. 300 F. Fig-
ure 3 also includes references to other studies made with an operating boiler and with
clean gas in the laboratory. The curve obtained by Alexander lies well above those
presented by other worker.z. It is suggested that auch differences are related to the
effect of dust on the condensation phenomenon.
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Corrosion Variables. Although the dewpoint temperature is a crit: cal corrosion
variable, in that corrosion rates at temperatures above the dewpoint are negligible,
other factors are important in controlling the corrosion rate under condt'ions of con-
densation. Studies to date show that the more important variables contr Aldng rates of
corrosion are these:

"(1) Rate of acid condensation

(Z) Concentration of condensed acid.

As would be expected, the rate of acid condensation is directly re' ited to the S03
content of the flue gas. Thus, the greater the partial pressure of SO 3 ir. the flue gas,
the more rapidly will the metal structure be corroded.

The second corrosivity variable (concentration of condenred acid) i not
dependent(135,ZlZ) on the amount of S03 present but is more directly r, lated to metal-
surface temperature and to the percentage of water vapor in the combu& ion gases.

Thus, the over-all corrosion rate is dependent on a complex combination of
variables.

Acid Strength Versus Condensation Temperature. Figure 4 shows data obtained
experimentally by Taylor(Z0 3 ) on the relation of the strength of the initially condensed
acid to the temperature at which it condenses. The gases used containd acid corre-
sponding to a dewpoint at 395 F and about 8% of moisture. The curve shows that the
acid (which condenses out at temperatures slightly below the dewpoint) will be highly
concentrated. In the range of 200 to Z50 F, the acid will have a strength of 70 to 80%.
As the temperature decreases, the strength of the acid condensed also will decreuse.
Thus) it is apparent that combustion gases from an oil-burning boiler can deposit
sulfuric acid films, over a wide range of concentrations, onto metal and other surfaces.

Research has shown that the rate of corrosion of steel by sulfuric acid decreases
to rates low enough to be tolerable only in the regions of extremely low and high acid
concentrations. Room-temperature data presented by Fontana( 6 0 ) are summarized in
Table I.. It can be seen that at this temperature a corrosion rate of almost 2500 mile
per year could be .articipated in 10% acid, and a rate of only about 10 mile per year at
90% concentration. It should be pointed out that, since these rates are for room tem-
perature, the rates at the temperatures indicated in Figure 4 would be much greater.
In addition, dilute acids would not be deposited at the surface tearperatures encountered
in many air preheaters and economizers during the operating cycle. However, during
damp periods, the concentrated sulfuric acid on boilers not then in operation would be
expected to be diluted by moisture absorbed from the air.

Designers usually provide that the normal temperatures of boiler heat-exchanger
surIfces usually are maintained above the regions where the highly corrosive acid
strengths of less thaii 60 per cent are kcemed.
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FIGURE 4. RELATIONSHIP OF CONCENTRATION OF CONDENSED SULFURIC
ACID TO TEMPERATURE OF CONDENSING SURFACE(Z0 3 )

TABLE 1. CORROSION OF STEEL BY SULFURIC ACID( 6 0)

Cc, -rosion Rate, Corrosion Rate,
Concentration, mils per year Concentration, mile per year

per cent -it 75 F per cent at 75 F

0. 005 8 50.0(%) 1600
0.05 15 60 50
0. 5 120 70 15
1.0 200 80 20
3.0 875 90 10
5.0 1zo0 100 5

10. 0 (a) Z300

i(a) flývceA 10 4W 50%,Wac-d, the ncruxion rate for Vcel we exurcnely high.
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The ASME( 3 ) publication on corrosion and deposits reviewed the corrosion of
steel as well as other metals from information published up to 1958. Since that time,
Haneef(80) has measured corrosion rates of different materials in flue gases from an
oil-fired water-cooled furnace. He confirmed the conclusion, reached earlier by Kear
and others, that the maximum corrosion occurs in the region about 50 F below the
dewpoint.

When a metal reacts with an acid, one of the proQucts is gaseous hydrogen. A
novel method for estimating the corrosion by flue-gas condensate is based on measuring
the amou'nt of hydrogen in the flue gas and correlating this information with the rate of
metal consumed by the acid. According to Alexander(l), the method is being used in
Belgium.

Sulfurous Acid

Laboratory and plant experiences have shown that the relationship between metal-
surface temperature and corrosion rate is in the form of a curve with two maxima, as
illustrated in Figure 5 adapted from Whittingham( 2 l2 ). As was mentioned in the previ-
ous section, the increase in corrosion occurring about 50 F below the acid dewpoint is

*0 caused by sulfuric acid. The other sharp increase in corrosion, which occurs just be-
low the water dewpoint, is caused by sulfurous acid attack resulting from the combina-
tion of SOZ and water. The temperature range where this occurs is near 100 F.

It should be mentioned that Rylands and Jenkinson( 1 7 4 ) have shown that both cast
iron and steel were attacked 25 times faster by H 2 SO 3 than by HZSO 4 , both in 5%
strength, in tests lasting 24 hours at 60 F. Thus, it can be seen that the potential for
corrosion would be very great if boilers were operated so that exit-gas temperatures
reach the water dewpoint. Since there always is much more SOZ than SO 3 present in
the flue gas, the flue-gas condensate forming at the water dewpoint is bound to be
corrosive to iron.

Shanks and his associates(1 8 3 ) recently studied low-temperature corrosion in
oil-fired cast-iron sectional boilers and found an acid dewpoint near Z50 F. The maxi-
mum corrosive attack occurred at 160 F. They recommend operation of the boiler at
a water temperature sufficiently high to stay beyond the accelerated-corrosion range.

It is interesting that they reported an overnight cyclic shutdown of the burner had a
negligible effect on the corrosion rate, ,hcreas many investigators feel that shtutdown

-k periods can be very detrimental.

Hydrochloric Acid

Residual fuel oils normally do not coytain chlorides, but when contamination with
sea water or other galine water has occurred, apmrec.abl•. quantities may be Present.
Since hydrogen chlor.-e can be formed when such cuntatinated oils are burned, some
con :kirAtion must le given to t:;c corrosion effects. First, it should be mentioned
that hydrochlori: iLid is an extremely cerromive material, in many respects much

14 more so than sulfuric acid. It is fortunazte that liquid filng containing hydrochloric

acid usually are not present in boiler plants unless the exit-gas temperature has
reached the water dewpoint; otherwise, even more-severe corrosion could be antici-
pated thAn is presently found. The corrosivity of flue gases containing hydrochloric
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acid has been demonstrated in the laboratory by several investigators. For example,
Kear( 1 0 0 ) showed that at 115 F the corrosion of a mild-steel probe was about 40%0
greater with tli addition of 0. 015% HCl along with 0. 1% SO2 than with the same amount

of SO 2 alone. Other work by Rylands and Jenkinson( 1 7 3 ) showed that the concentration
,)f HC1 in the condensate rose rapidly at temperatures btlow the water dewpoint when
HCl was added to combustion gases. Studies by Piper and VanVliet(.-51) in a power
station burning coal containing 0.66% Cl showed that HCI was depoeited when the gases
reached 140 F. It is quite significant that it was found that below 100 F the amount of
HCI deposited was greater than that of HZS0 4 . Thus, the nscessity for maintaining the
exit-gas temperature above the water dewpcint is well documented.

in addition, the imnportance of removing sea water from fuel oil )s emphasized
since it is possible that in some cases corrosion ordinarily attributed to sulfuric acid

may be partiafly caused by HCI, even at temperatures above the water dewpoint.

Flue-gas composition, as reported in the literature, usually does not include the
HCI content. It would be interesting to establish for a boiler, using a residual fuel oil
containing a known amount of sea water, the relationship between the chloride content
and HCI in the resultant flue gas.

Another factor not generally recognized is the quantity of salt in the air near the
seacoast, particularly during and after stormy weathex. In view of the large volume

A, of air going to the boiler this can provide ar. appreciable source of chlorine to induce

Scorrosion, even though the fuel may be free of salt water contamination.

CONTROL OF CORROSION

In England, the Central Electricity Generating Board has encountered a wida
variety of corrosion problems in converting certain of its boiler plant, to oil firing.
Dadswell and Thompson(4 6 ) reviewed the procedures tahen to minitnize corrosion of
air preheaters. The proccdures reviewed were:

(1) Design of the air preheater so that the mv-al temparaiure at the cold
*! end is never ,clr"-w the acid dewpoint

N(') Use of the -r• t--r.-osion-re-xtant metuls or protectiv- coatings,
to preve..! ;ttack

(3) R-duict.ot• o' the S03 content ot 'he h.e ?,4 by operating the burner
with rn.-%inurn et r-ss air

- (4) The use of additive% to neutralae the SOA cr t-¶ inhibit the plcklini4
action of the ,1b504 .

.4V Des4ign Considerations
-4,

Th-e CEG8 ha.t considered the foil.-Aing nmodificatic 'a in air-preheater ds2ign:

(11 liot-tir recircu1alien atd air b,-iassing. The pla.nts are operated
with ;n air-preheater exi,-Sa$ temperature of around 350 F when
"bypassin% i used. With hot-air recircalation, the air-inlet tern-

J1. prrature is 150 to 200 F.

P A T T E L L E aU E 0 k I A L I k S T t T U T V
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(Z) Rearrangement from counterflow to parallel flow.

(3) Introduction of oil burners in cold-air inlets.

(4) Use of a closed hot-water heat exchanger to warm the air.

(5) Use of a high-tt:•pera'are booster air preheater.

(6) Use of bled-steam air preheaters.

COMBUSTION CONTROL

The method of reducing corrosion by limiting the excess air to the point wvhere

there is control of the amount of SO 3 formed is being demonstrated with favorable re-

sults in England and in Germany. For example, Lees!l1 3 ) reported a. decrease in

dewpoint from 345 to Z80 F, corresponding to an increase in the COZ content of the
"flue gas from 10% to 13. 5%. Actual measurements of air-preheater tube wastage, by

Lees, proved very graphically that a reduction from a corrosion rate of 50 mils per

!000 hours to about 5 mils per 1000 hours could Le effectid by this lo-;.ered dewpoint,
which is a measure of the reduced S0 3 content. Figure 6 illustrates the decrease in

corrosion rates for two' rowi, of tubes in the air preheater at the Bankside Station,
which is compared with the easily measured increase in carbon dioxide. The Annual

Report of BCURA(7-0 ) presented results showing that the SO 3 content in the flue gas

rose from 5 to 80 ppm as the excess oxygen increased from 0.5% to 3. 0%. The corre-

sponding corrosion-rate curve was found to be parallel to the SO3 curve.

Variation in S0 3 Content

An extensive laboratory study of 1( --temperature corros.ion under carefully con-

trolled conditions is beuig conducted by Ward, et al. , at the Central Electricity

Research Laboratories in Leatherhead, England(?l0). In a study of the formation and
deposition of 503, it was shown that the pilot boiler responds to changes in the propor-
tion of excess air i;. much the same wzi as in large-sized boilers, with the added
advantage that very low excess air can be uced. Continuous recordings of S0 3 and

oxyger. over a period of .200 hours, %.her'i tht amount of oxygen in the flue gas was
varied, indica-4d a direct correlation betwveen SO 3 and oxygen. Figure 7 show* thkt

the 503 varies from about 2 pp-n at 0. Z% oxygen to about 35 ppm- near 2%6 oxygen.

In 1959, Grosuley(4 3 ) surnmarized the results from full-scale inveetigatlons writh

saveral power station* in .ngland. At Marchwood, where the SO 3 content was about
ZO •pa•* the deu-point was near 300 F, a reduction in excepc oxygen from 3-. to about

| ~0. 5 % c:tu~ed a rediclion in SOk to aboiat .3 ppm and a Jewpoirt i.n.ar ZS0 F'. Sir.-ilzr re-
A -6u's *c'e g;ivern for three other 4tatior.., as shown in Ta,.l 2.
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TABLE 2. EFFECT OF EXCESS OXYGEN ON
SO3 CONTENT AND DEWPOINT( 4 3 )

Excess 02, S0 3 , Dewpoint,
________ ppm F

Marchwood 3 20 270-320
Marchwood 0.5 2-7 240-255
Poole <0. 6 5 180
Poole 4 45 320
S. Denes ).7 -- 260
Ince 4.5 18 -

Ince 1.0 7 -

Glaubitz has presented two fairly complete papers( 6 8, 6 9), in Germany, describ-
ing the benefits derived from cat eful control of combustion air in oil-fired boilers. By
means of special equipment and burner design, he was able to reduce the oxygen con-
tent to about 0.2%f. it is stated that after 1.2, 000 operating hours, the boiler had never
been cleaned. Highly efficient rates of heat transfer were maintained throughout the
experiment. Figure 8 [taken from Glaubitz(b 8 )1 shows that the acid dewpoint tends to
approach the water dewpoint as the oxygen is reduced to 0. Z% in the flue gas.

In addition, it should be noted that the dewpoint with controlled excess air is
essentially independent of the sulfur content of the oil.

More recently, Rosborough( 1 7 ?) summarized (in Figure 9) the trend resulting
from this technique of combustion control, The data suggest that there may be a maxf4mumn in the S0 3 conve rsion. curve and that both high and kvw values of excess air tend
to reduce the reaction. it is surmised that large amounts of excess air act by nausing
dilution and by lowering theý flamue t~tmperature.

Alexander( 2 ) and a~sociates indicate a tenfold 'mcreaae in So. over. the range 1.5
to 4. 5% oxygen in the flue gas. In a A-iicusgion on this paper', Grant brought out the
point that in his opinion a reduction 4ix excess air could accoinrlish the sarne results
as are achieved by addlitives. Another poiot was that air pehtecorsnisl-

~y.ere ifthetubs u pitc~ ar c,umec often tso that dopoalts are not allowe-d to
~creumifthetbstspae. atcI

Very recentlly, Manny( 1IM has reported thal the Cential Electrity Gewtin
Board., in England, haq applied low-exet-s-air combustion to 4,11 its oil- fired stations
(about 12). 'n addition, th'- CEOB is designing four very large oil-:ired steam. gen-

'ratof s w~hith will usc kctw-exces s -air combus, ;on and w&ill in'corporate 3z specially

CZ-artý_r, in his difc'iaaion of the papf r by AlexAnder, ot al. 2, Auggeoto that tile
therm~ai iost be ace~pt-A, aivd that flue-gas t. 4.,peýrxture lha raintmined above the %Cid
diewpoint In be sure no acid smut is evolved.

4 40R 1
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Very recently, MacFarlane( 1 2 0 ) used the established equilibrium data for the
reaction

SOZ + 1/20z ' So 3

to calculate values for the percentage conversion of SOZ to SO 3 at various conditions of
excess air and temperature in a boiler burning fuel oil. His results (summarized in
Figure 10) show graphically the decided decrease in S03 formation effected by re-
ductions in excess air.

Although the residence time in an actual boiler may be too short to permit equi-
libriurn conditions indicated in Figure 10 to be entirely valid, it should be pointed out
that the data are useful for showing the importance of excess air in the problem under
discussion in this report.

Boiler Efficiency

From the efficiency standpoint, it is advantageous to operate the boiler in the
proper range of excess air. Table 3, presented by Latham(ll 2 ), shows the relation-
ship between excess air, boiler efficiency, and percentage of oxygen in the flue gas.
The data obtained during operation of Navy boilers were recalculated for a constant
stack temperature of 500 F.

TABLE 3. EFFECT OF EXCESS AIR ON BOILER EFFICIENCY
AND COZ CONTENT(G1 2 )

Boiler Efficiency CO 2 in
Excess Air, at Full Power, Flue Gas,

15 79.0 14.0

20 78.2 13.3
30 77.0 12.5
50 74.0 10.5

I 016 69.5 8.0
200 64.5 5.2

It can be seen that it iA most econoomical to operate at the minimum amount of
excess air. It is most furtunate that thia condition in also favorable for producing the

minimum Amount of SOl in the flue gas, and c(-nacquently the lowest corrosion r el.
Thus, the need is further rrnphasizcd Gr operating uwder .- ,-mbu*!!on condition." result-

0.. 3•ng ;n 13 to 14% of CO- ;n the flue gas.

2 I
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CONSTRUCTION MATERIAL. AND PROTECTIVE COATINGS

Metals and Alloys

An extensive study of materials for low-temperature areas of boilers was con-
ducted about ten years ago by Barkley(8) and associates. They evaluated forty uncoated
metals and several coatings by subjecting panels to the flue gas in a regenerative-type
air preheater in a coal-fired steam generator. Because the observed corrosion was
due largely to sulfuric acid, the results are of pertinent interest in a discussion of oil-
fired units.

Barkley assigned a rating of 100 to Corten, which is a low-alloy steel. Other
low-alloy steels, Mayari-R and Croloy, were similar in durability. Metals more re-
sistant than Corten were Hastelloy B, Hastelloy C, L-605, Inconel, ard Carpenter 20.
Hi1gh-alloy steels were less resistant than Corten.

Corrosion studies conducted at extremely low metal temperatures, where HCl as
well as H2 SO 4 were formed, were reported by Piper and VanVliet( 1 5 1 ) for an operating
station. Low-alloy steels were found to have a higher corrosion resistance than stain-

.* less steels, hot-rolled steel, and aluminum.

Haneef( 8 0 ) recently conducted corrosion tests on metals exposed in a pilot-scale
4, furnace burning oil containing 2. 9% sulfur. In general, he confirmed the results of the
-4 rating arrived at by Barkley, et al., at the Bureau oi Mines(8). Assuming that the cor-

rosion index of Corten was 100, he derived indexes for other materials as shown in
Table 4.

4.: TABLE 4. CORROSION INDEXES OF METALS EXPOSED IN
PILOT-SCALE FURNACE BURNING OIL
CONTAINING 2. 9% SULFUR( 8 0 )

Corrosion Index
Specimen Surface Stainless Carbon Cast Iron
Temperature, F Corten Steel Steel Normalized Annealed

356 100 25 113 148 162
?84 100 59 I26 146 158
230 100 135 148 166 183

It will be noted that the stainless steel was more resistant than Corten at 356 F and at
284 F, 4,'-reas at 230 F the reverse was true.

*. One of the most recent studies concerning construction materials for low-
temperature areas ir. boilers was reported i, 1962 by Wiedersum and associatea(2 2 1 ).

VV4,., Their results were obtained in an. economi.t.er in a pulverized-coal-fired unit, but are
also usefil to oil-fired equipment. The results summarized in Figure 11 are taken

4 from their p~per. It can be seen that t~he Types 304 and 316 stainlesa steels were more
durable than the other rraterials.
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A rating based on both corrosion and economics, however, placed the materials
in the following order in relative annual cost:

Cast iron I (least expensive)
Mild steel 2
Corten 2
Stainless steels

Type 304 4-1/Z
Type 316 5
Type 410 18

It should be pointed out that studies of Barkley and associatea( 8 ) and earlier stud-
ien of Piper and VanVliet(151) indicated that low-alloy steels were actually more re-
sistant than stainless steels under similar conditions. Thus, the question of construc-
tion materials appears to be unresolved.

Miscellaneous Materials

Teflon, Hanley brick tile, and Olean white tile showed no loss by '.orrosion(8 ).

In 1955, Huge and Piotter( 8 9 ) reportei results for over fifty organic and inorganic
coatings. The phenol-formaldehyde type of coatings showed good resistance but were
limited by temperature deterioration. Porcelain-enamel coatings also showed good
promise.

Glass Tubing

It is interesting that QVF Uniited(1 6 5), of Fenton, England, and McKay 813Z)
have reported that an air preheater ro.ubed with glass showed good results after an
18-month trial. Minor amounts of deposits were found on the tube surfaces. Heat
transfer was satisfactor,'.

Protective Costings

ProteCtive coatings have also been recenuly studied as a neans of rVelating the
corrosion. WiedLesurn(Z-l) reported some encouraging results for a phenolic-ty-pe
coating. A preliminary estimate irýdicates that the cost of the economizer units wual
be increased by about one-third.

tI

OAT T[ LkC MfdOMkAL I. NSYtTUYCI



Z4

Vitreous Enamels

Encouraging results were rtuorted for vitreous enamels. Recent field trials,
reported by Grames and Huffcut(70d, concerning enameled coatings in operating sta-
tions, indicate that porcelain enameling is a practical application of a corrosion-
resistant coating for heat exchangers.

Wingert, in discussion of that paper, suggests that the solution of the corrosion
and deposit problems is in sight through the use of porcelain enamels in the air-
prehea.teir sections.
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CHAPTER 2. CHEMISTRY OF BURNING RESIDUAL FUEL
OIL AND OIL-ASH DFEPOKTS

CHARACTERISTICS OF RESIDUAL FUEL OIL

The residual fuel oil known as No. 6, or Bunker C, comprizes the residue or
bottoms from distillation of crude oils. To meet specifications, it may be blended with
other oils, such as a higher grade distillate or used lubricating oils. The quality of the
residual fuel oil partly depends on the fractions that have been removed as distillates
(gasoline, kerosene, and the lighter fuel oils) and partly on the source of the original
crude oil. In some cases, only 10% of the crude may end up ar residual oil, while in
other cases, it may he as much as 50%. Competition has encouraged refiners to use
processes which result in higher yields of gasoline and distillates from the crude. In
general, higher yields of light fractions are accompan.!ed by poorer quality rel-i aal
oils.

Specifications

Commercial No. 6 oil must meet three ASTM specificationb: (1) a viscosity
range of 45 to 300 seconds SSF (122 F), (2) a minimum flash point of 150 F, and (3)
a maximum water and sediment content of 2. 0%. The specifications for U.S. Navy
Heavy Grade oil, designed for use in shore-based power plants, are much more strin-
gent, requiring that ten conditions be satisfied at shown in Table 5. The maximum
ash content of 0. 12% is the item considered of moo. importance to this discussion.

TABLE 5. SPECIFICATIONS FOR U. S. NAVY RESIDUAL
OIL, HEAVY G."ADE(14Z)

Gravity, "API Min 10.0
Viacos.y, SSF, I Z Y Max 1SO
Flasrh Point, P-M, F Min 150
Fire Point, OC, F Min ZOO
Pour Point (Upper), F Max 50

N Ash, %, Max 0. 1Z
Sediment by Extraction, --i Max 0. 15
Water, by Distillation, % Max 0. 5
Thermal Stability (NBTI.) PA q (No. 2 tube o r be tte r)
Explosiveness, % Max 5)
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Oil Ash

The ash-forming constituents in the original crude oil go through the refining
process practically unchanged and are concentrated in the so-called bottoms. Residual
fuel oil usually has an ash content of about 0. 1%, although in some exceptional cases it
has been found as high as I to 2%6. Nevertheless, this small amount of ash can be the
cause of serious deposit and corrosion problems in boilers.

Ash-forming constituenta in the crude oil are introduced (a) by the Lnirmal and
vegetable matter from which the oil was formed, (b) from contact of the oil with under-
ground rock structures and brines, and ($ during production, storage, and handling.
Four classes of contaminants can be distinguished:

(1) Oil-ooluble compounds formed with the crude oil.

(Z) Water-soluble compounds dissolved in water and emulsified in
the crude oil. This woulk include connate brine and sea water.

(3) Reaction products of the acidic compounds of the oil with metal
surfaces such as pipes, tanks, ane Drocessing equipment.

(4) Solid cntaminanta such as sand, rust, and scale which are picked
, up during production and handling.

During the refining process, the emulsions (ltem Z) are broken and the water is driven
off, leaving the inorganic salts suspended in the reoidual oil.

Chemical Composition

The principal ash-forming elements found i'u crude oil, as given by Bowden
et al. (18), are listed in Table 6. Both inorganic and organometallic, oil-soluble forms
have been observed .or several of the clemrnts. No matter which form these elements
are in, the important point is that they are retained essentially intact during the refining
process and are fu.-nd concentrated in the residual oil. Trace amounts of as many as Z5Selenents have been dete.ted by 1-homau in petroleum by -pectrographic alysi.(d05

Cheraicmi znalyscs of the ash fr-)m crude oils obtained from v"rioua sections of
the United States and also from Iran are presented in T-be !(205) it is obvious from
these data that th.r pcrcentage of tach constituent varies widtly in oils from different
field-A. These variat.-Or.. s comiosition tend to affect tht properties of the correspond-
ing residual oils. Typick.,' differences in the imp-irtant properties of residuAl oils are
-_illustrated in Tae 05 t7, 176) of articular itnereat to this discussion are the vicIcrange. shown fr the artunt of ash and the conten; of sulfur, vanadium, and Podit,.,.
The main deposit and coreo ton problems that occur in boilei-s rc.sult from oxides -ofSvanadium and sodiumn a he ash cornbinrng --ith om~dee o( *ulfur in the gaseous Corn-
bustion urwdu-d s_
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TABLE 6. PRINCIPAL ASH-FORMING ELEMENTS IN CRUDE OIL( 18 )

Sclubility

Element Type in Oil Probable Chemical Form

Aluminum Inorganic Insoluble Complex alumnino-silicates in suspension
Calcium Organic Soluble Not identified

Inorganic Insoluble Calcium minerals in suspension; calcium
salts in suspension or dissolved in
emulsified water

Iron Organic Soluble Possible iron porphyrin complexes
Inorganic Insoluble Finely sized iron o:ides in suspension

Magne sium Organic Soluble Not identified
Inorganic Insoluble Magnesium salts dissolved in emulsified

water or in suspension in microcrystalline
state

Nickel Organic Soluble Probable porphyrin complexes
Silicon Inorganic Insoluble Complex silicates and sanu in suspension
Sodium In,.rganic Insoluble Largely sodium chloride dissolved in

emulsified water or in suspension in
mic rocry stalline state

Vanadium Organic Soluble Vanadium porphyrin complexes
Zinc Organic Soluble Not identified

TABLE 7. ANALYSES OF ASH FROM CRUDE OILS(Z05)

Per Cent by Weight
Mid-

Cahferniz Continrt Texas Peansylvania Kansas Iran # I Iran 2 2

si 2z 38.8 31.7 1.6 0.6 10.0 52.8 12.1
F t: z0 3,
Aý.03 I 17.j 31.8 8.9 97.5 1921 13.. 18.1

T 102 f
C;O 9.7 I1Z.6 5. 3 0.7 4. 6.1 12.7
NtgO 1.8 4.Z 2. 5 0. 2 1.3 9,2 0,2
MrO Q. 3 0.4 0.3 0.z Tr Tr Tr
VzO5 5.1 .r 1.4 -- 0.4 14.0 38,5
IN O 4.4 0.5 1,5 -- 0.6 1.4 10.7
N3O 9.5 6.9 io0.8 0.1 Z3.6
KzO ... I. • -- '.9 -....

SO1  15.0 I0.8 42.1 0.9 36.4 Z.,6 7.0

.c .-- -- 4.6 -- C. I --

T
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TABLE 8. VARIATION IN PROPERTIES OF NO. 6 RESIDUAL FUEL OILS

Canadian U. S. U. S.
Property Refineries(176) Refineries 1(107) Refineties U0(85)

Specific Gravity, 60 F 0. 945 - 1. 046 0.959 - 0 990 0.9Z - 1. 02
Flash Point, F 175 - 300 150 - 285 160 - 410
Viscosity, centistokes, 122 F 105 - 420 140- 400 85 - 650
Pour Point, F +10 - +65 0 - +50 +15- +85
Water and Sediment, per cent -- 0.02. 0.50 0.05 - Z. 0
Water, by Distillation, per cent 0 - 0. 2 Tr - 0. 2 -

Carbon Residue, per cent 5.86 - 14.3 7.27 - 13.7 5 - 13
Ash, per cent 0.01 - 0.12 0.004.- 0.086 0.01 - 0.50
Sulfur, per cent 0.67 - 3.00 0.75 - 3.61 0.7 - 3.0
Heat of Combustion, Gross, -- 18, ZOO - 18,740 18,329- 18,993

Btu per lb
Vanadium, ppm in oil 0 - 146 2 - 144 ..
Vanadium, per cent ash -- 0.8.- 62.8 --

Sodium, ppm in oil 1. 6 - Z90
Ash FusionTemperature, F -- 1085- 1330 --

TROUBLESOME ELEMENTS IN OIL-ASH

Vanadium

There is considerable interest in the source of the vanadium in crude oil. It is
believed that some marine animals are capable of concentrating in their bocLes the
vanadium present in sea water and in ocean-bottom muds. Crude oils containing ap-
preciable amounts of vanadium are associated in their origin with the sediments of
?rehistoric oceans(Z05).

Occurrence in Petr'lewin

As noted in Table 6, the vanadium occurs in petroleuim as an oil-soluble porphyrin
complex. These complexes are insoluble in water and are otabl, to heat treatment in
the presence of water. They undergo decomposition at about 840 F. Abaorption spectra
of these vanadium complexes indicate that their structure Is slmilar to that of the
vanadium derivative of mesoporphyrin IX dimethyl eater(1 8 8 ). The structure of the
latter is shown in Figure 1Z. Undoubtedly, the complexes 6xisting in the crude ill
undergo structural c-anges during the refining paoc- so, and when they are conczntzatad
in the res{dual fractii.-n they are often present as hi6h-molecular-w.ight products,
probably polymeric .n niature( 6 6 }.

The vanadium is aesociated with the asphaltic portions of the crude oil. The
asphaltic-base crudes irom areas such as Venezuela, the Middle East, and California
contain relatively high conceutrations of vanadium. Paraffin-base crudes, such as those
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from Pennsylvania and Mid-Continent Fields contain only trace amounts of vanadium.
Consequently, the vanadium content of a residual oil can vary from a negligible amount
to several hundred part8 per million.

C2 Ho H CHS

/

S\ • N N, /

-- /C'H
% N

H5C- / CH3

CH2  H CH2I I
CH2 COOCH3  CH 2 C00CH3

FIGURE 1Z. VANADIUM COMPLEX OF MESOPORPHYRIN IX
DIMETHYL ESTER(1 8 8 )

Combustion Reactions

Duri~ag cornbunti,',n, the vanAdi-u--n complexes in a droplet of tuel oil are decomn-
,oeed. The vanadiurm is oxidized in steps: first to the stable and nonvolatile V20 3 and

VZO 4 ,and (inaltv, after all the carbon in the oil has been consumed, the varnAdium Ia
oxidized to VZOSRO0) The vapor pressure of V?0 5 was origInalIy measured by
Poliakov(1SZ) and lati'r was corrected by Lloyd and Probert(lIS). Theme lator in.
vestigatora fok.nd vaiue4 ranging from about 0. 1 mm of mercury at 1800 F to I mnm in
the vicinity of 2500 F. They calculated the amount of VLO 5 that would be vaporized, In

v~eia,on to the vanauizumn content of oils and found that volatilization eL a subatantal,
portion 4. t, V405 would be expected at the ilame tc.niocrature.

Although the VZC 5 is 5l91htly volatile, very little of it ia carried through the
boiler ah auch, bc•.aue it reacts with other inetal oxides. The Rodium, calcium,
nickel, and iron pr, 'tent it- the oil have been shown to be capable of reacting with thi
S'205 to forin a va- rety of vanadates which are less volatile than the VZO5(18). The
c:%%nic.l formulas and melting points of possible vanadate compositions which might
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3



30

form during combustion are shown in Table 9. Most of the vanadium which is found ijn
boiler deposits is present as one or other' ol' the sodium vanadate compositions listed.

Sodium

As with other elements, the amount of sodium present ini crude cils varies widely,
depend~ng on (a) the source and (b) the method of transport to the refinery. Sba watir
is a common contaminant in crudes delivered by oil t~nkers. It is a general refinery
practice to desalt the crude oil. This procedure remove e about. 90%/ of the sodium,
most of which is present as sodiumn chloride, The remaining soditum ends up in the
residual-oil fraction, the concentration depending on the proportion of distillates re-
moved from the crude, The residual oil, if transported by ship, is further contarninal.ed
by sea water. As delivered to the consumer, a residual oil sometimes contains a few
hundred parts per million of sodium.

Com~bustion Reactions

Sodit-in chloride haa sufficiently high vapor prcessure (about 10 mm. of mercury
*at 1800 F) to be volati ized during the combustion process. However, thera is a

chemical reactiuxi as well. Brinsmead and iRear(19) conducted experiments in which
pellets o.: carbon. containing a kiaown amount of sodium chloride were burned in a tubular

'V furnace. Temperature and~ time were varied independently, and the loss of sodium and
chlrrine. was determined. Their results can be summarized as follows:

(1) Over the range of temperature studied, 1290 to '.83Z F, the
proportioni of chlorine released, always as H-CI, was sub-
stantially greater than that of sodium.

(Z) Humnidificat:.on of the combustion air slightly decreased the
amount of sodium released and increatsed the loss of chlorine.

(3) The release of sodium, but not that of chlorine, was greatly
reduced by the addition of kaolin* (essentially a hydrated
aluminum silicate).

'~"These resultis indicate th;%t water vapor plays a significant role ir, thA combustion
reaction, A molecular reaction between NaCl and HZO vapors is wery unlikely, be-
cause for the postulated rea~ction

2 NaCI + H?0 2- Z MI + N&2.0,

the freet-znergy change would be +80 kilocalories at 1800 F, which means that the re-
verse reaction is strongly favored, On the other hand, elaoociation of water vapor At

* this tiernprature would p-.-vide enough hydraogn atomso to pronmote a chain reaction in
wh±h .IS1+ 11 --- Na + SCI, and o, the premence of oxygen the sodl=~ would form

N-aO. The reduced loazi of sodiurn in the presence of kaolin Point-4 to the formation of
slicateas of low %,olatility under these curnditione.

*AddjwYci are ttw in Cbapt 4.

nA~yE ,c MQ!~ tt hi~suT
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TABLE 9. POSSIBLE VANADATE COMPOSITIONS
FORMED DURING COMBUSTION OF
RESIDUAL OIL(a)

Compound Melting Point, F

- V20 5  1274ý

3NazO.V2O5 1562

ZNazO.VZO5  1184

IONaZO. 7VZO 5  1065

NaZO. VZ0 5  1166

ZNa 2 O.3V O 5  1049

NaZO. 2VzO 1137

5Na 2 0. VZ0 4. 11V2O5  995

Na 2 O 3V20 5  1150

Na 2 O. V2 0 4.5Vz0 5  1157

NaZO.6VZO 5  1215

ZNiO. V20 5  >1652

3NiO. VZ0 5  >1652

FezO3.VZ0 5  1580

FeZO3. 2VZO 5  1571

MgO V20 5  1240

2Mg0.V 2 0 5  1535

3MgO.V 2 0 5  1175

GaO.- V2 0 5  1145

I 2caO-VzO5  1432

3CaO' VZ0 5  1860

Za) : oýtrp0-d tor. a flur,&r &"cc*.
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Fletcher and Gibson(5 7 ) have shown that NaCi will react with both SO 3- and
SOZ-oxygen mixcures to form Na 2 SO 4 . Their data are shown in Figure 13, which in-
cludes reactions catalyzed by Fe2 O3 . In the absence of FeZO3 , more of the sodium
sulfate was formed from SO 3 than from SOZ between 570 and 1100 F. Above 1100 F the
rate of sulfate formation from SO 2 increased rapidly with temperature, while the rate
of sulfate formation from S03 remained almost constant. The catalytic effect of Fe2 03
was much greater for the reaction with SOZ. In this case the reaction

2 NaCl + SO2 + 1/2 O + HZO----NaZSO4 + Z HCl

is thermodynamically favorable, the free energy change being -10 kilocalories at
1500 F. The reaction of SO3 ,

2 NaCi + S03 + H 2 O--- Na 2 SO 4 + 2 HCl,

is slightly less favorable, -4. 5 kilocalories at 1500 F. Hence the large difference in
the yield of sulfate at this temperature must be an effect of reaction kinetics. The im-
portant part played by sulfates in the corrosion and deposit problems of boiler systems
requires that consideration be given to the presence of sulfur in the residual oil.

Sulfur
w.

U The presence of sulfur in crude oil creates problems in conn.ection with the
handling and processing of the crude as well as in the use of refinery products. For
heavy fuel oils, sulfur is a significant factor in boiler problems involving:

(I) The formation, in combination with metallic constituents of the ash,
of deposits and corrosive slags in high-temperature sections of the
boile r

(2) Corrosion of metal components in low-temperature sections of the
systc m.

Form of Sulfur in Oil

In recent years about 40 per cent of the crude oil produced in the United States
has contained more than 0. 5 weight % of sulfur. The crude oils Imported from South
America and the Middle East contain significantly larger amoulits of sulfur, usually
1. 5 to 2. 5%. Although some elemental sulfur is found in petroleum, the bulk of the
sulfur is contained in hydrocarbon molecules. Table 10 summarites the principal
types of sulfur compounds identified in crude oils, distillates, and cracked prod-
ucts(182). A variety of molecular types are r-presented, and as many as 50 ai-ciflc
sulfur-containing cornpýwds have been ýdontificd in a typical petroleum sample.

Al:hough some cf the sulfur compoundA are converted to hydrogen sulfide during
the refining of the crude and are removed along with the lighter fractions of the pe-
troleum, mu'h of the sulfur is concentrated in the residual oil. This Increaze of sulfur
content is illustrated in Table 11, which shows that the residual oil from a Middle East
crude contains a substantially higher percentage of sulfur than did the oriftnal crude

0 A I T E L L E M E M 0 A I A L I N S T I T U T E
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* From SO2 , .n presenc of %P2 3

ANFrOM S03 /
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I FIGURE 13. FORMATION OF SODIUM SULFATE FROM SODIUM
CHLORIDE) SULFUR DIOXIDE, AND SULFUR

I TRIOXIDE(57)
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TABLE 10. TYPES OF SULFUR COMPOUNDS L4 CRUDE OIL AND DISTILLATES(a)

In In Straight-Run in
Type Formula Crude Oil? Products? CrackedProducts?

Elemental sulfur S Yen Yen Yes

Hydrogen sulfide HzS Yes Yea Yes

Mercaptans
Aliphatic RSH Yes Yes Yes
Aromatic RSH Yes Yes Yes
Naphthenic RSH No No No

Sulfidz a
Aliphatic R - S - R Ye V Yees Yes
Aromatic R - S - R Nu No No
Cyclic I S N Yes Yes Possibly

(CHZ)n - CHZ

Di sulfides
Aliphatic R,- S- S- H Yes Yes No
Aromatic R -S- S - H ? No Yen

Thiophene and Yes Yes Yes
homologue a HC/ CHSII Ii

HG --- CH

Polysulfides R - Sn - S., RA Yes Ye.

TAi3LL 11. SULFUR CONTENT IN FRACTIONS OF
KUWAIT CRUDE OIL(87)

4 Distillation Range, Totel S'ilfur,

C weight

Crude c•il -- Z. 55
0G2 oline 51-1Z3 0.05
-l ght .uaphtha 1 Z5-149 0.05
-etivy naphtha 153-197 Q.e-

Z07-Z38 0.45
Ligit gas oil Z47-169 0.85
H,-avy- as oil 781-306 1.15
Retidual oil 309-498 3.70

6 tIAL
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oii(8 7 ). A typical average sulffr content of No. 6 residual oil produced in U. S. and
Canadian refineries is I. 5%. L However, the values contributing to this average
ranged between the extremes of 0. 3% at an eastern refinery to 5. 3% at two western
refine t ie s.

Sulfur Dioxide

During combustion most of the sulfur in the fuel oil appears as sulfur dioxide in

the flue gases. Thus, in a typical situation, 92% of the sulfur content of a residual fuel
oil appeared in the flue gases at the air preheater as SOZ, and Z% as S03. (106)

In the process of combustion of a sulfur compound in the oil, the reactions go
through a number of fairly specific steps. As the compound approaches the flame zone,
heat radiating from the flame zone causes some pyrolysis and some preliminary, cool-
flame oxidation reactions to occur. In the flame zone, temperatures are high, and the
oxidation of the sulfulr compounds proceeds primarily to SO2. As the products leave
the immediate neighborhood of the flame zone, temperatures f rapid~y, and some
workers believe that SO2 may be oxidized to S03.

The bulk of sulfur as SOZ may pass through the entire boiler system as ouch, and
normally does no harm. The small amount of S02 which is converted to S03 or which

* •reacts with metal compounds to form sulfates can cause serious corrosion and deposit
problems. The case in which the SO 2 reacts with NaCl and oxygen from the excess air
to form Na 2 SO 4 has been discussed in the section on sodium. In the analysis of flue gas
at U. air preheater (already cited), in addition to S02 and S03, 1% of the sulfur in the
oil was detected as Na 2 SO 4 . Besides NaCl, other metal chlorides (such as CaC12 or
MgCI 2 ) are present in the fuel oil. They can also react to form sulfates. Howevek,
calcium and magnesium compounds are seldom present to the same extent as those of
sodium. The remaining metals, which are found in residual oils, exist mostly as
organic complexes. They probably are first converted to oxides and then react with
S03 to form sulfates.

5ulfur Trioxide

The most important reaction which S02 undergoes in the flue gas is the con.
IN-, version to S03, Only a relatively snAill amount of the SOz is further oxidized to S03.

The results of a ,ttdy by MAatty and Diehl( 1 2 4 ) are given in Table 12. These data in-
dicate that I t(: 3% of the SOZ present was converted to SO3. It is also of interest to
note ,that the 302 content of the gas stream decreased between the superheater and the

* -air preheater*, whereas the S03 content increased slightly i;- 'raversing the same
distance. This observation shows that conversion of S02 to S03 continued as the flue
gases progressed through the boiler system. The same order oi magnitude for 303

concentration in a power-station boiler was reported by Crumley and Fletcher(4 4 ), who
4 foutd 01 values in the range 0.00Z to 0. 007 volume % of the total flue gases.

* . bhere hAve be 21 two schools oi thought regarding the mechanism by which the
I SO .- ox.-hAed to S03. Whittingham ane his associates have done considerable work

to suppcrt the theory that the reaction i& a homogeneous oxidation occurring in the
flame. Harlow has promoted the view that the reaction is heterogeneous, beingr de-

pendent on catalytic surfaces.

e fto b st~ y b ~e a u se of si t I tk s g e th w mg b Lb e k n n a~ c t c u in g .
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TABLE 1Z. SULFUR OXIDES FOUND IN THE FLUE GASES
OF AN OIL-FIRED BOILER( 1 2 4 )

Percentage of Constituent at
Indicated Location and Temperature
Super- Air Preheater
heater Inlet Outl.t

Constituent 1800 F 700 F 300 F

Sampling Station A

SOZ by volume (dry basis) 0.148 0. 124 0.114
0.152 0.129 0.128

0.133 0.123
S0 3 by volume (dry basis) 0.0034 0. 0033 0.0033

0.0039 0.0038 0.0023
0.0043 0.003Z

Total sulfur gases by volume (average) 0. 154 0. 133 0. 124
Theoretical total sulfur gases by volume(a) 0. 149 0. 139 0. 126

Difference 0.005 0.006 0.002

Sampling Station B

"SOZ by volume (dry basis) 0.220 0.201 0.193
0.Z15 0.205 0.189

S0 3 by volume (dry basis) 0. 0022 0.0032 3.0020
0.0025 0.0030 0.0019

Total sulfur gases by volume (average) 0. 218 0. 206 0. 193
Theoretical total sulfur gases by volume(a) 0. 217 0. 199 0. 190

Difference 0.001 0.007 0.003

Sampling Station C

SO 2 by volume (di y baiia) 0.100 0.087 0.087
0.096 0,096 0.089

0. 089
S0 3 by volume (dry basis) 0. 0028 0.0031 0.0020

O.0029 0.0033 0. 0014
0. 0017

Total sulfur gases by volume (average) 0.100 0.090 0.090
Theoretical total sulfur gases by volume(a) 0.091 0. fi8s 0.086

Difference 0,009 0.005 0.004
(Z) C -t ca.st tfe l al-t M4 combulu6 c daui.
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Oxidation in the Flame. The oxidation of SO, in town gas (coal gas) flames was
studied by Dooley and Whittingham. (49) They showed that the amount of S03 formed is
dependent on SO2 concentration, the nature of the gas burned, the position in the flame,
and the presence of materials that trap atomic oxygen. The decrease in SOz oxidation
with increased concentration of SO2 which they observed is shown in Table 13. It is
known that SO functions as a chain-breaker in the sequence of reactions in which
sulfur vapor is oxidized, and it is possible that a similar inhibitive mechanism occurs
in this case. The profile of 503 formation as a function of distance in the flame zone
is presented in Figure 14. The profile was obtained on an aerated flame containing
0. 05% S02. The important feature of the data is that the maximum rate of S03 for-
mation occurs in the cooler regions of the flame. This result is consistent vith the
thermodynamics of the S0 2 -S03 system, as illvstrated in Figure 15(5z), where the
equilibrium conversion of SO to 503 is shown as a function of temperature. At
equilibrium below 900 F, over 90 mole % of the sulfur oxide mixture is S03. Above
1600 F, less than 15% of the oxidized sulfur is S03. With increase in temperature in
this range, the S03 concentration decreases rapidly. Consequently, this production of
S03 in flames must be the result of atomic oxygen combining with SO 2 . The work of
Gaydon(65) on flame spectra also demonstrated that the extent of oxidation of S02 could
be related- to the concentrati.on of ato'nic oxygen in the flames.

The oxidation of SO 2 in diffusion flameu of methane, hydrogen, and carbon
. monoxide was also examined by Whittingham. (49, Z13, 214) Relatively large amounts of

S03, up to 0. 008 volume %, were formed, depending on the nature of the flame and the
amount of added SO . The percentage of oxidation of SOZ in these three flames is
"shown in Figure 16(49). The lowest degree of oxidation occurred in the luminous
methane flame and the highest in the carbon monoxide flame. Both the carbon monoxide
and the hydrogen flame are sources of atomic oxygen via the reactions

4' O + 0 C02 + 0

H + OZ - OH*(a) + 0.

Hence, one might expect the oxidation of the SO to be enhanced in these flames.

The effect of water vapor on the degree of oxidation of SO? in carbon monoxide
p jflames was just the opposite. Apparently, hydrogen from the water competes success-

fully with SOZ for available oxygen atoms. A mechanism of this type should result in
the formation o0 inure UH radicals:

-IH 2 + 0 mý H

H + 503 SO + H

-- However, this buildup of OH was not observed, so additional mechanisms should be in-
i vestigated to explairn the apparent contradictimn.

S Another stud) by Whittinghamn( 1 7 ) en the decomposition of sulfuric acid injected
int.. a" 'lames ahiwed that the reducticn. of S03 occurred in the inner cone of the flame
probably by reactiun of 503 with hydrogen atoms as shown above. In the lower tempera-
ture of tha upper cone, dissociation of S0 3 was significantly reduced.

- A T T E L L E M E M 0 A I A L I N S T YIt T U E
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TABLE 13. THE OXIDATION OF SO2 IN TOWN-GAS FLA~MES( 4 9 )

so 2 in Exit Gase a, %Oxidation to S03,%

0.02 10.0

0.04 8.2

0.11 4. 5

0.15 3. 8

0.50 1.8

1.00 1.0

9.0

8.0-

OZ 7.0-

O 6.0-

M- 5.0 -

4.0-

X 3.0-
0

2.0-
Ilnner c~one 0

"-Outer cone
0 24 68 810 t2 14

A-44860

Distanice From Burner Ruti, cm

FIGURE 14. THE~ OXIDATION OF SOZ IN A TOWYN-GAS
* ~FLAMEI 4 9)

Initial SOZ concentration =0. 05M
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Temperature, F
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SI FIGURE 15. EFFECT OF TEMPERATURE ON THE EQUILIBRIUM CONVERSION
OF Soz TO s0 3 (52)
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Hence, it appe,) rs to be fairly "-1l established that S03 can be formed from SOZ
in the cooler regions of the flamne. What remains to be determined is the relative
aniount Of 503 produced by the8 means, as compared to that which may be formed on
downstream catalytic surfaces in the boiler. Levy and Merryman(114) have presented
an analysis of probable coniversion of SO?2 to S03 with and without catalysts in the fla~me
zone. They Loncluded that the S03 -,. the flue gases passing through a hot *one in the
boiler, containing ironi oxide as a catalyst, would be a minimum at Z000 F and reach a
maximum. at 1100 F. false -.ee A. B. 4e. ')ey "Sulfur Trioxide in Combustiona Gases",
Fuel Society Journal., Unkv. oi 5hffiicld 1,45- 54 (196Z).|

Ox ida,'ion on Cat~alytic. Su. -Ace s. The:r inciple of catalytic oxidation of ,SOZ to
•.• 50)3 has bee-- n !,n o---n for inany years--ar "as lbeen Vie bask* for 0the :on, act prociess for
•i sul£urie acid ruianuzacture.

!i Corroded Steel. liarlo,v:(61) w the first to attribute 503 formation- in boiler

• syste;'•s to ,-atalyt~c ovidation of S30Z on heating i*urfaces at high ternpe-ratureo. T-i his
•,experiments, flue ý. ,i w'ere passed thr-ough a mild-steel duý:t contanitdg tarnple speci-
N 1', 11,10 of boiler tubv.. The dtt•-:t, through "whic~h the g-es we¢re- pai~eedz ,,-as diVided 20

thalf.• thegt-e, pa, :dov he zolrrt. sanmt•l a nd the other halt could be use4

a a a control. The ,whole appareatus was heate~d in a manner itl~zt gavv' a tompersture
paxitern like thal, in a ,ooiler. It was found that when the gates weres pasaad over rusty
steel ticrap or oxidiz-.d axaperheater.-tube s*ections at 1000 F, a rise in the c-lfuric acid

•:•dewpoint, in,':Qative )f increased S03 concentration, resulted. aThe Cases frorn this
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half contained more S0 3 than the cantrol section. In Figure 17, the data fur sulfuric
acid production over the i-usty steel rurfaces are shown as a function of temperature.
The amount Of 503 formed b#.gan to increase rapidly at 800 F and reached a maximnum
at 1100 F.

Later, Harlow(82) demonstrated that surface reactions on superheater-tube
sections raised temperatures still further, and that if the niLimum surface tempera-

'4 ture was kept low enough, very little sulfuric acid was formed. In another study(8 3),
he found that heating flue gases to 1000 F resulted in a downstream maximum of 801 nig

* of H 2 S0 4 , whereas those heated to only 640 F yielded at most 133 mg Of H 2 S0 4 . Other
invsti§ aorshave also repox.-d catalytic activity of steel surfaces in oxidizing SOZ to

* 503.

Oxide Deposits. A number of oxides are also known to be catalyists for thai oxi-
dation of SO 7, a-nd each of them has a characteristic temperature range in which the
conversion is most efiective. The per cent conversion of S0 2 to S03 as a function of

- ~temperature is ahown in Figure 18 for several oxides. (16) At low temperatures platinum
is the only efficient catalyst. Howe ver, above 900 F, significant conversion of SO2 to
S03 can be brought about by several axides which are encolinte red on boiler sui facesa

or in deposits, namely VZO5, CrZO3, and FeZ0 3 ,

Oil-Ash D)eposits. Similar studies by Wickert(2 1 5 , 2_16), who passed air con-
taining 5% SOZ over fuel-oil ash components anti possible additives, demonstrated the
high catalytic activity Of V2 05 and FeZ0 3 , although the maximumn conversion obtained
was not quite so high in his apparatus as those shown in Figure 17. His results are
shown in Figure 19, which also includes the effects of some boiler deposit mateeials
and synthetic combinations. One such mixture containing 60%t V7_Or_ With NaZSQ 4 showed
great-t activity than pure VZ0 5 , indicating the potential danger of SO-% formation over
deposits containing these compounds. On the other hand, it -,as noted thaat Si0, bri:-gs
about a inaximuni SO2 to S0 3 conversion of only 10%, at 1600 F and that AIZ0 3 effects
a conve rsion of 4-4, at most, at tempe ratures abaove 1800 F.

In another in-vest-ittin Wcert' 2 1 7 ) noted that CaO also catalyzed SOZ oxi-.
dation, stirting at 400 F and reaching a niaxirnmi~ at 1100 F. Mixtures oi VZO5 with
SiO-, or CaO gave 2iSni(icant conv~ersions fnf SO to 503 in, tl'e vji itiv Of 10 0 to ~0F

I he ueof V 0 5 asa catalyst for SO?, oxifiktioi da~te b-ack to 19-00, and several
*patents !navr been issued for such an applic~ation. Z".b 208) h, interest in this re-
4 action Aatoe in the course of the developme-it of the conytact process for the n~anuflaclure

of o-alfuric acid. V~ot. nikov and ocad)found that the temperature intervQl for
intensive contact cAtaiysis was U~5 to 1Q';5 F. At all SO cancentratl'ims an incriaeA!' in

Ngas veluciiy rcq-,urrd a rise in tctf-perature to aintakiin optimum cnoiversion of Sioj to
SO3. At the present !~e or the iranufacwr3-~ of -_uiftiric acid, '-0 is PAZse.J f-er

*V,0 5 at 80 to 1lVI F. The ccnlact tmie Is Zto 4 stconds, aýnd the conversion of S1
5ýto SO- 1% 10 to 985,. A typic-al ni-fireonvic has the coricaponding temperature

ra;nze rnee&C to pirrnote th, 6 reaicticn but t-krtuartely ther-e Lit lo as catailyoe 1e a air,
ant a shý,rer contac:t tnie 5han is rtqutred for idea. reaction condttiona. Nevertheless,

the contrib-ttion of V 0 5 and vandtizC- O3 poucininabilrcantb
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Apparently the VZO5 must be present as a deposit over which the SOZ passes in
order to effect significcnt catalytic action, because Taylor and Lewis(z 0 4) found no
additional SO 3 when 0. 045 wt % of VZO5 was added to oil in the form uf a soluble
naphthenate. In these laboratory experiments, very light VZO5 deposits were formed
on the ductwork, but the lack 'If SO 3 formation can be attributed to the small surface-to-
volume ratio of the system and the fact that metal temperatures were lower than com-
monly found in boilers. Similarly, Rendle and Wilsdon(16 6 ) found no effect on sulfuic
acid dewpoint in an experimental furnace burning oils with significant vanadium content.
However, their combustion chamber was operated at 1830 F, where conversion of SO0
to S03 by VZC5 is very low, and their system also had a small surface-to-volume
ratio. Hence these observations are not valid objections to catalytic effects of the
vanadium in oil.

An effort to closely approximate boiler conditions was made by Burnside,
MarRkell, and Miller(2 9 ), who used a pilot-scale unit. It consisted of a horizontal
combustion chamber, a swirl chamber for mixing, and a vertical flue on which was
placed a bank of superheater tubes. The unit was fired with coal gas to which SO 2 was
added in controlled amounts. The rate of firing was such as to maintain a gas temper-
ature below the tube bank of approximately 1500 F. The surface temperature of the
superheaters was varied as desired between 850 and 1250 F by passing air through the
tubes. The SO 2 and S03 levels wes determined by chemical analysis ^f samples of

* gas withdrawn below and above the tube bank. In addition, the dewpoint was measured
e at both points. The results of a series of tests are presented in Figure Z0, showing

0S3 concentration above and below the tube bank as a function of tube-metal tempera-
ture. The data are somewhat scattered, but show clearly that S03 concentration in-
creased above the tube bank as the metal temperature r-ase. It is significant that the
S03 level below the tube bank, about 50 ppm, was great enough to cause boiler prob-
lems. This amount of SO 3 probably resulted from oxidation of SO in the flame zone.

80_- 
_ 

"•__ 
____

ox""8

Tu. -c�cnceon obTmnMm bar*
IN. 0 Ciac'intmkn bdow tube bali

XW Ifo 9M&.4400

Tube -. M Wt enfft~ F

VP FIGURE 20. CONVERSION OF SOZ TO SO 3 ACROSS TUBE BANK( 2 9 )

Test conditions: Flue-gas temperature, 1300 to 1400 F,
O2., 7 to S%i excess air, 60%; SOZ concentration,
I) I. to 0. 14%.
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Experimenta were performed with an oil-fired residential heating boiler ty
Anderson and Manlik( 6 ) to examine S03 formation in different parts of the system.
502 was injected successivoiy at four points in the boiler: with Ihe combustion air. in
the furnace, in the flues: and in the stack. From the corrosion resulting on steel
specimens momuted in the stack, it was estimated that the amount of acid formed in
each of the four zones was approximately equal, with slightly less forming in the stack.

With CS2 added to disti~late fuel oil to give 1% sulfur, the effect of individual ash
constituents on the oxidatioa of SO? was studied. The ash constituents (sodium,
vanadium, nickel,, and iron) were added aeparately as oil-solijble compcunds at a con-
centration of 200 ppm. The following conclusions were reached:

(1) So long as the ash was suspended in the flue gases, it inhibited cor-
rosion due to S0•. When fired in a clean boiler, the additions resulted
in lowered corrosion, up to 37% for the vanadium.

(Z) Ash deposits form catalytic surfaces. The conversion of 5O2 to SO 3 ,
as indicated by corrosion on the steel sample, was increased by the
accumulation of the deposits, except in the case of sodium. Under
the test conditions, the iron gave the greatest increase, 15%.

(3) Ash deposits formed from sodium ana vanadium mixtures (1 to A and

I to 3) catalyzed SO 3 formation to a greater extent than did the indi-
vidual constituents. The l-to-3 mixture resulted in a 42% increase
in corrosion, while thf, 1-to-i mixture gave a 23% increase.

These experiments demonstrated that suspended oil ash, formed in burning
residual fuel oil, can scavenge S03 from the gas stream. However, as soon as the ash
has accumulated on boiler surfaces, the catalytic effect of the ash deposit overshadows
"the inhibitive effect in the gas stream, whether it be reaction or adsorption, and the
net result is increased SO 3 in the gas stream. The enhanced catalytic activity indicated
for the sodium vanadate deposit is particularly noteworthy because both these elements
are commonly encountered in residual oils. This study is the most complete one te-
ported to data that has been performed under actual boiler conditions. It constitutes an
iraportani contribution because it has verified many of the ideas suggested by results of
earlier research. Fxtrapolation of the data to a large boiler woald be more reliable,
perhaps, 1ý SO 3 had actually been measured it, the gas stream rather than estimated
iron corrosion damage,

SThe temperature dependence cf thesE catalytic effects bis been brought out in
fu!l-scale boilkr operat.on also. ,.owar'( 41 '~ reported that in the initial operation of
Ripple Power -Station in England the surface temperature of ,he superheats- tubes was
1 100 F, with % Rtearn tempe-ature of 850 F at the superheater ou-llet. This temtperature
it the ou t .raum for Fe0 3 cataly sis of SO 2 ox44atirn, and the excessive amount of SO 3
in the fl-e gases was made eviivnt by pzrforation 'ý one air proheater surface ,er only
8 weeks of operation. reduction of the temperature of the ecuperheater surface to 900 F
was o,'ufvht about by reducing gas velocity through the superheats'. and regulating air
controls to producýe a higher heat release in the furnace. As a result of these modifi-
c,-ticne ar-i consequent temperature lowering, air prehoater blockage and coriosta
v'ere reduced to the point where it bc _me possible to operate from one annual inspec-

S tion to the next without stoppage.
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From the mass of data which has been accumulated regarding SO3 formation in
boilers, it appears that both oxidation of SO in the flame zone and the catalytic oxida-
tion contribute to the total SO3 in the flue gases. Widell( 2 19 ) showed by thermodynamic
and kinetic considerations that both types of reactions probably do occur in practice.
The relative contributions depend on the specific conditions which exist in a given boiler
system. Some additional facts which have been reported regarding the effects of the
various factors in boiler operation on the production of SO3 are given in the next
section.

Other Factors in SO 3 Formation. Data published by Rendle and Wi) sdon(1 6 6 ) on
the relation of the SO 3 content of the combustion gases and of the dewpoint of tl~e 3ases
to the sulfur content of fuel oils are presented in Figure 21. Results of severai other
investigations also have been plotted. Consequently, the type of oil, ash conte.at, and
combustion conditions differ for the various sets of points. Although the plot of S03
content shows considerable scatter, it is apparent that with more than 0. 5 per cent
sulfur in the oil, the SO3 content of the gase3 does not increase in direct proportion to
the increase in sulfur.

The dewpolnt plot brings out two important points: (I) There is a rapid initial
rise in dev.point with the first increment of sulfur 4n the fuel. For an estimated dew-
point of 100 F with no sulfur (the water dewpoint), an increase to 260 F (H2SO. dew-
point) is fouid with 1% sulfur. (2) There is a relatively small rise in dewpoin', as the
zulfur in the fuel oil increases beyond I to 6%f. Even if an economical method of re-
moving sulfur from oil were available, a reduction from 6 to 1% would lower the dew-
point only from 300 F to 260 F. It would be necessary to achieve almost complete
removal of the sulfur tc obtain a significant drop in dewpoint.

The ftffect of flame temperature on S03 formation was reported by Crumley and
Fletcher( 4 4 ) for a laboratory furnace burning two different fuels. Their results,
shown in Figure 22, indicated a tenfold increase in S03 concentration in the flue gases
with an increase of flame temperature from 2800 F to 3100 F, after which the S03
content leveled off. In this instance it is likely that catalysis of SO2 at the refractory
wall as a result of the higher temperature was responsible for the increase in S03.

Crumley and Fletcher also noted that at the same combustion temperature, an
increase of excess air from 9 to 70% approximately doubled the percentage of 502 that
was oxidized to S03. Lees(I1 3 ) :3btained data on a large boiler at the Bankside station
by variation of the flow of primary air while operating at constant load. An inc:rease
in excess air as represented by a decrease of the flue-gas CO, _ 'ntent from 13 to 10%
resulted in a rise in dewpoint from 300 to 345 F. Glaubitz( 6 8, 6 9) carried this approach
to the practical limit by operating refinery boilers at Emaland with a mere 1% of ex-
cess air. He reported that SO 3 formation was negligible, as evidenced by the lack of
"problems with deposits and corrosion.

Large ch&nges i:. the water-vapor content of flue gases cause only slight changes
*.i in acid dewpoint. The. variat;on of dewpcint with sulfuric acid content of gases having

differs, t w;ter-vapor concentrations iq shown-. in Figure 23, where the range from 0.5
to 15% water vapor changes the dewpoint only 30 to 40 F for the medium to high acid
contents i,4dcated.
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HIGH- TEMPERATURE OIL-ASH DEPOSITS

Effect of Flue-Gas Temperatures

Fire-side deposits in boilers have been the source of considerable difficulty be-
cause they (1) reduce the rate of heat transfer through the boiler and steam tubing and
(Z) increase the draft pressure needed to conduct the combustion gases through the
boiler. The higher tube-metal temperatures are often found to lead to increased cor-
rosion of the heat-receiving surfaces for several reasons. First, the formation of
deposits appears to be closely related to the temperature of the metal surfaces, and
secondly, at higher temperatures deposits react more rapidly with the metal.

The maximum temperature in the boiler system occurs in the active combustion
zone, where the gases range from Z700 to 3100 F. As heat is extracted from the com-
bustion gases by the furnace-wall tubes, the gas-temperature drops, so it is 1500 F to
2Z00 F as the gases leave the radiant section. These gases then pass through the
superheater secticn where they are further cooled to between 900 F and 1400 F. Fol-
lowing this, the gases usually pass through an economizer and an air preheater,
further cooling them until they are discharged to the stack at a temper;i'ure generally

-* lower than 325 F.

Effect of Metal Temperatures

The heat-receiving surfaces, however, are not at the same temperatures as the
combustion gases. The exposed surface of the steam-generating tubes in the furnace
and boiler sections may be at temperatures between 400 F and 800 F, while the temper-
ature of the superheater elements may range from 900 F to 1300 F, depending on the
final steam temperature. The economizer and air-preheater metal surfaces may be at

14 temperatures anywhere from 500 to 600 F down to about 200 F. The discussion in this
section is concerned with the external deposits which form in the high-temperature
areas: the radiant, convection, and superheater sections of the boiler.

Forniation of Deposits

The oxidation of metal surfaces is essentially a corrosion reaction that results
in the formation of a scale on the metal. The oxide film, or scale, is not a coating
deposited irom the surrounding environment but is the result of a reaction between the
imetil and the gaseous components of the environment. In the absence of other effects,
oxidation ,'an. in extreme cases, be severe ene-igh to seriously affect the perfrrmance
of the metallic compouents in the boiler.

A'irorrmally, oxidation is not a major prn)lem. The external, or fire-side, de-
posits that are formed from the solid and gaseous combustion products are of far
greater con-ern in boiler operation. These deposits cause difficulties due to loss in

% heat transfer to the water or to the steam, and under certain conditions the gas pass-
ages may plug completely. At high temperatures the deposits react with the oxide and
metal surfaces, causing pitting and other types of corrosion.
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Composition and Distribution

It already has been explained tbat the main harmful constituents of the oil ash are
sulfur, vanadium, and sodium. However, most of the other elements that occur in
residual fuels also will be found in the deposit. The proportion of these constituents
varies a great deal from one section of the furnace to another. A number of factors in-
fluence the composition of the deposits in the various sections of the boiler, with the
analysis of the original fuel and the gas and metal temperature probably being the most
important variables. The distribution of deposits has been reported by Jacklin,
Anderson, and Thompson( 9 1), as shown in Figure 24, and by Kirsch and Pruss(1 0 5 ),
shown in Figure 25. Both figures indicate essentially the same distribution of ash
components, although it should be noted that the actual percentages differ somewhat in
the two illustrations. The vanadium content rises to its maximum value in the super-
heater zone, while the iron and sulfvr are highest in the air preheater. Figure 25 also
shows the flue gas, and metal or wall temperatures existing in the various zones.
Crancher( 4 2 ) pointed out that the superheate r-tube temperature is a function of gas
temperature, gas velocity, and steam velocity, as well as steam temperature. Thus,
there is no specific relationship between tub3 temperature and steam temperature, but
in conventional plants, 100 F temperature difference between the outside of the
superheatei -tube wall and the outlet steam is a practical minimum. The influence of

* steam velocity is shown in Figure 26. The relationship between gas termperature and
metal temperature has been ;discussed by Phillips and Wagoner(1 4 9 ) in connection
"with corrosion studies on superheater alloys. They reported that while increasing
metal temperature will cause more corrosion, a higher gas temperature for a given
metal temperature will have a similar effect.
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FIGURE 26. VARIATION IN TUBE-METAL TEMPERATURE WITH
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Two main types of deposits occur in oil-fired units. (3) They may be classified
as sulfate and vanadate deposits, signifying their basic components. Clarke( 3 7 ), and
Collins and Knox(3 9 ) have distinguished these two distinct types of deposits by their
color, physical characteristics, and water solubility. A granular to powdery deposit,
varying in color from greenish white to green, is usually found on the coolest gen-
erating tubes. These deposits are high in both sodium and sulfur, and they are water
soluble. On passing inward towards the hotter tubes, the character of the deposit
changes, becoming less granular, with lower sulfate content. Approaching the rear
of the furnace, the deposits are fused black slags, higher in vanadium content and
having low water solubility. Some superheater deposits are layered, with the high-
vanadium-type slag adjacent to the tube, overlaid with the granular, sulfate-type
deposit. The latter type has sometimes caused complete blocking in the superheater
sections. Clarke indicated that other deposition patterns also have been observed.
Wigan(ZZZ) considers that sulfur is the prime culprit in fouling and corrosion. He re-
ports that tests indicate that maximum sulfate buildup occurs at a metal temperature
of a little over 1000 F. This is within the optimum range for the catalytic oxidation of
SO 2 to S03 on Fe203 surfaces. A surface scale can form that is sa'd to provide an
ideal surface for continued buildup of deposits. Vanadium's contribution is also be-
lieved to lie in its role as a catalyst for SO 2 to S03. In making the above statements
Wigan il obviously referring only to relatively low-temperature boilers. In other
discussion he acknowledges the fact that vanadium is a corrosion iactor in high-
temperature operation.

Whittingham(21 2) discussed deposit formation, and possible mechanisms involved,
in oil-fired boilers. He classifies high-temperature deposits as those occurring at
metal temperatures above about 750 F and suggests that SO 3 in the flue gas may be in-
volved in the reactions. Deposits are the end producLs of a complicated sequence of
r,eactions in burning droplets of oil, in hot gases, and on heating surfaces. The deposit
may form from a combination of stack solids associated with coked residues of oil
droplets, volatilized compounds, and soft or molten particles. Whether deposits form
as loose dusts or in a bonded form is determined by the extent to which a liquid or
plastic phase is oroduced in the primary layer. If the metal temperaturr is above the
softening or sintering temperature of the depositing particles, the initial film will
ad}.ere to the metal or oxide surface.

Sulzer(1 9 6 ) distinguished between three possible kinds of reactions to account for
the final ash product, Primary reactions, after all the carbon has been burned, occur
betwecn ash consoituents within the oil droplet at high temperatures. Secondary re-actioins occur in the gas stream between the flame zone and the place of deposition.SChdtnces of reaction between vapor-phase ash constituents and SOZ or SO3 are consid-
ered to be good. However, because of high flow velocities, chemical equilibrium
probably is not attained. One such reaction is that between vaporized NaCi and S02,
according to the following equation;

2 NaCl + SOZ + 1/2?- OZ + HO -. Na 2 SO 4 + ZHCi + 51 kilocal/ntoj-

S'slzer considered that the heat generated by the .jbove reaction might be enough to
cause the NaZS0 to be depos-ted in a olastir or ,emimolten state. However, it should
Le rennernberei that if sufficient VZt 5 is present, several mther low-melting compounds
could form that would melt at superheater temperatures. Fletcher and Gibeon(u 7 )

N derunstrated the progress of this reaction over a range of temperature, oihowin• the
amount of Na 2 SO 4 formed from either SOZ or SO 3 alone and In the prebence of Fo03
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(Figure 13). The tertiary reactions are those occurring at the depoGition surface, be-
tween the ash and the metal surface, or between the deposits and SOZ or SO 3 .

Whittingham(21Z) also recognized the possibility of deposition of very small solid
particles by molecular diffusion or by migration through a thermal gradient. Prelim-
inary calculations indicated that the rate of deposition possible by thermal diffusion was
of the same order as that observed in practice. Very little work has been done along
this line, but the subject was discussed in Chapter 3 of the ASME publication( 3 ), wlere
suggestions for experimental programs are given.

Melting Characteristics of Deposits

Concern over the melting behavior of ash compounds I-as prompted a number of
investigators to try various experimental techniques in an effort to obtain reliable data
on actual or synthetic ash mixtures. In addition to the interest in explaining bonding of
deposits, as discussed above, the pxoblem is of importance in studying high-
temperature corrosion and means for overcoming it.

"- Whittingham(ZIZ) investigated the sintering and flow characte:_stics oi laboratory
aahes over a range of vanadium to sodium ratios. Compressed pellets of the laboratory
ashes were heated in a furnace, and the temperatures for initial deformation, partial
"melting, and complete melting were observed. Figure Z7 is a graph of the ratio of
vanadium to sodium in the ash versus the temperature at which the three end points
occurred in an oxidizing atmosphere. The initial deformation temperature denotes the
onset of sinte:7ing of the ash, and the minimumn apparently is at a 1-to-i ratio of
vanadium to sodium. This coincides approximately with the formation of NaVO 3 (melt-
ing point, 1166 F) according to the reaction

Na 2 SO4 " VZO 5 - 2 NaVO 3 + SO3 .

In Figure Z8, the importance of the furnace atmosphere is indicated. The temperature
for initial deformation is aff.scted considerably by a charge in te oxidizing potential oi
the gaseous atmosphere, and it fluctuates over a wide range with changes in the
vanadium/soditun ratio. Whittinphani noted, however, that these wide variation#
occurred u-.dýe" controllefi L.boratory .conditions, whereas saelective deposition of com-
poneý'.s could Goccur in a boiler. Also, the presence of sulfur oxides in flue gases

* might result in the formation of compounds with lower sintering temperatures. Ad-
hesion of ash to the raciaI will be more likely in the primary L'yer if the ash particles
are plastic or multen as they strike the metal or oxidized surface. Whittingham also

noted that even an initially solid layer could be converted to a plastic form by reaction
.with S03 that might be present near tie metal surface.

".Vickert(2 1 6) used a Leitz heating mic:.•econt to etudy the melting bela.?ior cf
SV25-cNa 2 SO 4 re.xt--re, by observing the sinter point, 0he partly molten ptii;t, and the

£lowk point. Thtec tesults were correlated witlh the adhealon of the mixturts At these
va-,%, U •emperatu-es to a platinum she-1 *-irlace. The mlting behavior was plotted

al a function of the molt ra4.ios of the co.mtponents as *hown in Figure 29- These
curvee are similar, alttiough nct exactly the same ar tni.ose shown by WFliitingh&m m
Figure 27. A very slight indicat.on of adhesion of the de~poBit began at 4bout the Sin-

"terin[, temperature. With further increases in ternperature, the mixturme *preAd aver
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the platinum surface and adhered more strongly as the fully molten condition was
approached.

! 2
e- -+------
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Wo Roa*. VlO, N4SO4

FIGURE 29. MELTING BEHAVIOR OF VO 5 -NaZSO 4 MIXTURES(ZI6)

The procedure was used to determine the effect of several additives on the melt-
ing behavior (see also the section on additives in Chapter 4). It was shown that SiOZ
raised the melting point of a V1Os-NazSO4 -SiOz mixture at l-to-i/Z-to-,1f2 mole ratio
to over 1800 F. in a iiatvrai oil Ash containing 73% VZOs, 8. 45% NaZO, and 0. 45%
KZO, silica additions also raised the partly molten point and flow point to over 1800 F,

O but the first effect was to lower the sinter point to about 1000 F. Therefore, some
deposition can be expected on boiler tubes where the metal temperature In in the 1000 F
range. Similar re3ults were obtained with kaolin. This test did not i 'dicate any bene-
ficial effect for MgO addi-ions up to a 1-to-l-to-I mole-ratio mixture of Y2 O5 -Na 2 SO 4 -
MgO. Partial melting occurred at about I100 F, and xhe dopo3it bec, ie str~ngly
bonded on cooling.

0 A T T E L L E M 0 A I A L I N S T; U T E

06



57

Niles and Sanders( 1 3 8 ) used the Leitz heating microscope to determine the melt-
ing characteristics of a few compounds as follows:

Initial Final
Sinter Melting Melting

Sodium/Vanadium Point, Point, Point,
Compound Mole Ratio F F F

NaVO3 1/1 984 1095 1150

Na2 0.3V2 0 5  1/3 1030 1150 1235

Na2 O.6V2 0 5  1/6 1095 1215 1295

ZMgO'V 2 O5  -- 1300 1535 1965

3MgO'V 2 O5  -- 1790 2175 "70

These figures are used in discussing the mechanism of oil-ash corrosion to be men-
tioned later.

Phillips and Wagoner(1 5 0 ) and Johnson( 9 4 ) have used differential thermal analysis
to study melting and freezing points of a number of compounds and mixtures possibly
involved in oil-ash corrosion. This procedure is used to detect whether reactions such
as fusion, freezing or decomposition occur in the sample while being heated or cooled.
iPhillips and Wagoner noted that freezing temperatures were significantly lower than
melting temperatures. The following tabulation shows the differences obearved.

Liquidus Temperature, F

Compound Heating Cooling

V20 5  1220 1165

NaZO"VZO 4 •5VZO 5  1185 1060

Na20"3V 2 0 5  1040 100

IaVO3  1040 IOZO

NaZSO 4  1625 1625

This is an important observation in view of the possible connection between corrosion
and molten ash compounds. Corrosion could occur at temperatures below those indl-
cated by melting-point data. This i# significant because boiler deposits occur as a
result of solidification of liquid ash on metal Purfaces. Evidence was found of x eutec-
tic, between NaVO 3 and NztO- 3VZO5, having a solid iftcr.son tcmperature oi" R95 F.
The melting point of this eutectic determined by other means had been reported to be
101 i ;. Variations oi this order of magILtude have also been reported for other
vatiadium compounds. The explanation tor these diffetences may be in the inherent
accuracy cf the various methods of measurement, or perhaps In the method of sample
preparation. In Johnson's paper, the emphasis was on compound formation and the
determination of the effect of possible additive metal oxides on the melting point of
sodium-vanadium mixtures.
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Sulfate Dýyýn&its

Form of Deposits

The analyses of deposits formed in oil-fired boilers show that the major con-
stituents of the oil ash predominate in the deposits. However, the proportions of these
"constituents tend to vary a great deal from one section of the furnace to another and
seldom agree with the distribution in the ash. Deposits in the high-temperature sec-
tion of a boiler generally exhibit a transition in properties and appearance from the
burner end to the rear of the furnace. Clarke( 3 7 ) and Collins( 3 8 , 3 9 ) both have found
that the light-colored granular deposits that occur at the burner end are high in both
sodium and sulfate. They are hygroscopic to such an extent that free sulfuric acid has
been observed by Slater and Parr(19 0 ) during shutdown of marine boilers having this
type of deposit. The sulfate deposits are soluble in water up to 90%, and the resulting
solution is extremely acic. There is a gradual transition in the composition of the de-
posits as the rear tubes are approached, with less sulfate and lower acidity.

An extreme case of sulfate separation was reported by McC-y( 1 2 6 ), who found
13. 2% Na 2 O and 30.2% 0S3 in deposits from the radiant section of a boiler but none of
either in the superheater deposits.

The rear tubes usually have layered deposits, vanadium being concentrated in
the first layer and sodium sulfate predominating in the outer layer. The existence of
sodium sulfate as such in the deposits has been verified by X-ray diffraction studies of

- the fire-side deposits from some U. S. Navy vessels. (30, 169) Minor amounts of the
sulfates of other metals are undoubtedly formed in the deposits also. Part of the
calcium and magnesium present in the fuel oil and nickel and iron from the boiler ma-
terials are found in the deposits. It is believed they occur as sulfates. However, It
is generally agreed that chiefly sodium sulfate is involved in the fouling of oil-fired
boilers.

Table 14 shows data from Clarke( 3 7 ) on the composition of typical bilayered de-
posits where sulfates predominate in the outer layer, while vanadium is concentrated
in the layer next to the tube.

TAWL. I . CO'\.t ti :ICN O% BILA tRID DEPOSIT IN OIL-FIRED 801tR"(3)

Plriiry Black WhIVe Ovetlay
Dctrowr 5stalkl)1rV Dcvtroyet 1•,1orary

• Prct'?b!e Cv'ittlucv Superhcaicr Boiler Sup-rhestet Boller

i N AVS04 "8, 92 -,11'. 36
CASO4 0.71 - 1-8 -. 73

M g"04 1.1 1ý.72 4, F-
Ni1Ttsce 1 5.15 2.6

V'04 49.3A 67.21 18.1l &16
c-. . '2.26 1.36 3.20 2. W"

S St0ý 0. 6ý 0" 0,074 1.41

SOAT3.44 0.97 a. M 0. U

Cýi-.- 0.12

-- *. i23
N. IS 0 3.14
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Although it is the combination of sodium and sulfur oxides from combustion of the
oil that is ýzhiefly responsible for the formation of sulfate deposits, there is normally
amore than enough sulfur in the oil to combine with all of the sodium present. Conse-

quently, the sodium content is commonly used as an index of the tendency of an oil to
form sulfate deposits.

A typical distribution of mL,.teriala au determined by analyses of 75 fire-side de-
posits in the different sections of an oil-fired boiler, as reported by Jacklin and
associates( 9 1), was shown in Figure 24. In this case, large variations in deposit com-
position with position in the boiler are found for sulfur, iron, and vanadium. The
Fe2 03 and total SO 3 content of deposits became greater as the boiler was traversed,
while the other metal oxide concentrations decreased, indicating that ferric sulfate
was the chief deposit material beyond the superheater. The V2 0 5 concentration was
greatest in the highest metal temperature region, the superheater, where the melting
point of the vanadates is most likely to be reached and cause detposits to adhere.

Sulfur Trioxide Content. An SO 3 concentration gradient through the deposit has
been noted also. Harlow( 8 Z) found 25% SO 3 in the portion of the deposit adhering to the
superheater tubes and only 3% at the surface of the deposit. Weintraub and his associ-
ates(2 1 1) confirmed this finding, observing a gradient from 19.5% SOQ to 6.7%. These
results point to sulfate formation by reaction of S03 formed catalytically at the surface
of the tubes.

Initiation of Deposits. The initiation of deposits by alkali metals in combination
with oxides of sulfur is the most-wide ly-accepted theory for the formation of these
deposits. Analytical data showing selective deposition of sodium and potassium sul-
fates have been published in recent years by Carlile( 3 4 ), Marakell and Miller( 1 2 2 ),
and Jackson and Ward( 9 2 ). In an effort to establish the relative importance of -,arious
metals in forming deposits in gas turbines, oil-soluble organometallic compounds
were added to dist;llate fuel in a study by Bowden, Draper, and Rowlipg( 1 8 ). The re-
sults, shown in Figure 30, indicate that sodium is by iar the worst in causing both
rapid and continued deposit formation. The same effect was observed by Pasman(14 4 )
when synthetic sea water containirg Z. 5% sodium chloride waz added (0. 4% by volume)
to a distillate fuel burned in a small open-cycle gas turbine. Deposits, which were
primarily sodium culfate, twere sufficicntly heavy after 64 hours of operation to cause
a 27% decline ti power output.

Bonding of Deposits. Some have epecu)ated as to whether the initial bonding of a
deposit requires t.onlact with the pure metal beneath the oxide film that Is present on

-4metallic surfaces. If that is the case, a purely physical phenomenon may also be im-
portAnt. Electron photomicrographs of the oxidized surface of steel by Pfefferkorn( 14 6 )
'have shown a grasslike structure of FeZ0 3 , itidicating that particles lalger t•,41 5
microns wvould not r-Ach the pure metal surface of the boile-.- tube. However, .-ubli-
rnetion products 0. Zr micron in diamet:z could penetrate the interlaced needles of
v xide, ai.d it it pe.E*ible that sublimed soditnm and potassiun compounds do reach the
true surface. A few written reports( 5 ,130) and a good deal of hearsay evidence indi-
cate that newiy corrimmssioned boilers and thoas cleaned to bare metal by water wash-
ing experience periods of immunity to deposit. These observations suggest there is an
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induction time in deposit buildup during which (a) diffusion through the oxide layer may
occur or (b) a material having a structure close to that of the oxide may be formed.
After the initial reaction, a more rapid accumulation of deposit would be expected.

Mechanism of Formation. The work of Anderson and Diehl(5 ) pointed out the
most likely mechanism for sulfate deposit formation:

(i) The alkalis in the ash deposited on the clean tubes are converted to
sulfates by reaction with SOZ and S03 from the gas stream.

(2) Iron oxide and aluminum oxide react with the alkali sulfates and addi-
tional SO 3 to form alkali iron sulfates and alkali aluminum sulfates.
These complex sulfates have low melting points, 1000 F to 1500 F,
which is the range of surface temperatures of the tubes. Thus, a
tightly adherent bond to the metal is formed.

(3) The inner layer increases in thickness, and fly ash from the flue
gases adheres to the sticky surface.

(4) Finally, as the thickness increasea and the temperature of the outer
surface rises, alkali silicates are formed, and the outer layers are
fused into a strong g'assy deposit.

It was further demonstrated in the study by Anderson and Diehl that it is possible
to form sodium iron sulfate, Na3Fe (SO4 )3 , at 1000 F and potassium iron sulfate,
K 3 Fe (S04)3, in the range 1000 to 1200 F in an atmosphere containing only SOZ and
no S03. This reaction is attributed to the catalytic effect of Fe 2 0 3 at these tempera-
tures. These data substantiate the findings of Fletcher and Gibson(5 7), who studied
the reaction of SO and SO 3 with NaCl, using radioactive sulfur, and showed that
sodium sulfate can be formed from SO2 , particularly in the presence of Fe 2 O3 , as
discussed previously.

This same viewpoint has been advanced by Sulzer( 1 9 6 , 197), in his studies of
residual-oil combustion in gas turbines. He suggests that the following reaction plays
a large part in sulfate formation:

ZINa CI + SO2 + I OZ + H2 0 NazSO4 + ZHCl + 51 kcal.

* It is his contention that the heat evolved in thi s reaction may br 4ng the particle tem-
perature sufficiently above the ambient temperature to melt the fine particles of
NaS0 4 formed. Dense, partly molten deposits, consisting of over 95% Na.SO4 , have
been observed on turbine blades even at temperatures of about 1200 F, although the
melting point of Na 2 SO 4 is 1630 F. 0 98) Such an explanation for turbine systems may
be questioned, however, on the basis of observations by Widell and Juhasr(2)0i, who
found that the softening temperature- of mixtures of NaeSL•4 and V2 0 5 were M50 to

1100 F. This was t -us even when the mixtures contained as little as 10% Vs0 5 , which
is •aliv present also. So, it is possibi. that a low-melting eutectic composition may
have been formed instead of a highly exothermic reaction occurring.

I A list of sulfate compositions which may be encountered in boiler systems, with
their respective melting points, is presented In Table 15. Several of these materials
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have sufficiently low melting points to be fused onto superheater tubes. Five polymor-
phous forms of Na2SO4 have been identified by Lambertson(l 11) in superheater deposits
from a naval boiler, and Simons, et al. (187), found CaSO4 as well.

TABLE 15. MELTING POINTS OF SULFATE COMPOSITIONS(a)

Melting Point,
System F Remarks

Na2SO4  1623
KS0 4  1969
Na 2SO 4 -75%, K2S0 4 -25% 1530
K2 SO4 (s)-SO3 (g) 635
3K2S0 4 -Na 2 SO4 (s )-S0 3(g) 535
K3 Fe(So 4 )3  750
FeZ(S0 4 )3  896 Decomposes to Fe2 0 3 and SO3
A12(S0 4 )3  1418 Forms A1ZO3 and SO3
CaSe 4  2642
CaSO 4 -42%, K2SO4 -31%, NaSO4 -Z7% 1400
Na 2 SO 4 , K 2S0 4 , Fe2 (S0 4 )3  1030
Na 2SO 4 , K2SO 4 , A12 (S0 4 )3  1030
MgSO4 2055 Forms MgO and SO 3
NiSO4  1544 Forms NIO and SO3
NaHSO 4  482 Forms Na2 S2 07
NaZS 2 0 7  752
ZnSO4  1364 Forms ZnO and S03
Na.SO 4 -CaSO 4 eutectic 1675 Mixtures melt from 16Z0 F

to 1740 F

(-) r(o~inpiled fom variou toutnes.

Sulzer(199) has offered CaSe 4 formation as an explanation for heavy deposit
formation when calcium compounds are used as additives to residual oils. He pro-

* poses a mechanism as follows: CaO forms during combustion and collects on metal
surfaces, where it reacts exotherrnally with the SO 3 in the gas stream to form CaSO4 .
Suhur dioxide in ihe gases may be oxidized catalytically to SO 3 by V2 0 5 formed from
the combustion of the oil.

Although CaSO4 has a reported melting point of Z640 F, Sulzer believes that the

heat of formation may raise the temperature sufficiently to cause a sticky surface.
It should be pointed out, however, that the dissociation of GaSO 4 begins at about
1850 F, which is significantly below this melting point. Simons noted that mixturre
of NaZSO 4 and CaSe 4 melt in the range 1600 to 1750 F, depending on their corrnl, s.-
tion, and it is likely that one of these mixtures Is involved whonever calcium 1% o'und
in bonded deposits. 1ihe phase diagram 'or the Na 2 SO4 -K 2 S0 4 -C-aSO 4 ternary

sy•trm; 10 1) show.s a eutectic at 1400 F, so "hat other reintively low-melting mixtures
are possible as well, to accousit for mixed deposits.

Magnesium sulfate seems to play little paet in deposit formation, although
Lewis(l 1) found it to be present in deposits from residual-oil ash when magnesium
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compounds were used as additives to combat vanadium corrosion. However, experi-
ence at the Gas Turbine Division of the Westinghouse Electric Corporation has shown
that no MgSO4 is found in deposits, although there is more magnesium present in the
additive than would be required to react with all of the vanadium present(16Z).

Vanadate Deposits

Form of Deposit

The relatively large amount of vanadium which occurs in many residual oils
accounts for a sizable portion of the deposits in oil-fired systems. Vanadium was
found by Clarke( 3 7 ) in the compact, black, crystalline deposits on the high-temperature
rear tubes of a marine boiler, in a form which he believed teo be one of the lower oxides
of vanadium. As shown in Table 14, whenever a two-layered deposit occurs, the
vanadium-rich, black layer is found adjacent to the tube. In the form VZO 5 , the
vanadium has been reported in deposits on the final stage of a gas turbine, as shown
by X-ray analysis( 14 8 ). However, it is more common to find the vanadium in combi-
nation with sodium, as a vanadate. Sodium vanadyl vanadates (NaZO.V2O 4 . 5V20 5 and

4 Na 2 O. Vz0 4 . 1 1V2 0 5 ) have been observed in deposits on marine-bol'er tubes and in the
high-temperature regions of gas turbines. The vanadate deposits are characterized
by low water solubility, as compared with the sulfate deposits, one analysis showing
10% of a soluble portion to be VZO5, as compared with 72% of the insoluble portion. (169)

Selectivity in the deposition of vanadium compounds was noted also by Lloyd and
Probert(ll8), as a typical analysis of a gas-turbine deposit showed 33% V 2 0 5 on a
stator blade as compared with 45. Z% on a rotor blade, from an oil ash containing 6Z%
VZ05.

There is evidence from the study of Zoechak and Bryers(2Z6 ) that vanadium-
containing deposits are initiated by condensation of V205 on tube surfacew and are built
up by subsequent reaction with other ash components and with S03 in the flue gases.
Occasionally, V20 5 as such has been observed in X-ray diffraction studies of deposits,
and this type of deposit undoubtedly forms by condensation of V20 5 from the gaseous
phase. However, sodium and sulfur are invariably present in the oil-ash also, and
interactions of v',nadiu-n wit-,% thvse cletnents results in more complex deposits.

Vanadium and Sodium. The effect of the ratio of var',..dum ta sodium has been
Sstudied by Evans and associates( 5 4 ), who found that both deposits and corrosion w ere

detreased when the vanadium-to-sodium ratio was reduced. At the same time the
deposits bet.ame increasingly water soluble and easily removed. Table 16 show-3 the

analyyses of the fuels and the improvement obtained by lowering the vanadium-to-sodium
ratio oi the fuel from 11.:1 to I: I
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TABLE 16. EFFECT OF THE VANADIUM-SODIUM RATIO ON DEPOSITION
AND CORROSION BY RESIDUAL OILS(5 4 )

Fuel Venezuelan Middle East

Analyses
Total Ash, wt % 0.060 0.045
Vanadium, wt % 0.02 0.009
Sodium, wt % 0.002 0.009

10-Hour Turbine-Test Results
Gas Temperature, F 1305 1267
Average Stator Blade Deposit, g 0. 165 0. 043
Deposit Type Strongly bonded, ceramic- Largely water soluble

like, hard to remove
Corrosion Wt Loss, g 0.154 0.068

These results indicate that there are some combinations of sodium and vanadium
oxides which adhere more readily to the heated metal surfaces, probabty because they
are lower melting. A detailed study of the phase equilibria in systems involving Na&O,
SO 3 , and VZO5 was conducted by Foster and associates( 6 7). They demonstrated that
Na 2 SO 4 and V2 0 5 are not compatible with each other either in the crystalline or in the
molten state. These two compounds react upon heating, with evolution of S0 3 , to form
NaVO 3 and complex vanadates. Foster concluded:

*1(1) NaoSO4 exists only in mixtures containing less than 56% VZO 5 .

(Z) SO 3 is liberated from all mixtures, partially up to 56% VZO 5 and
completely beyond 56% V2 0 5 .

(3) The 56% VzO 5 mixture consists entirely of Na 2 O"V20 5 .

(4) The 80% VzO 5 mixture consists entirely of NazO- 3VzO5 .

(5} The 88% V.05 mn xture censists entirely of the complex
NaZO, V2 04- SV2.O5

o (6) Free VO 5 exists only in mixturas contaiixing In exrrss of 88.8%
vz0 5 .

puThe data of Niles and Sanders(l 38) we•e similar, showing the existence of com-
pounds. ng o-to-vo 5 ratios of I to I A I to 3 and almot I to 6 (Na o
S5V,05). it wasq observed that the l-to-6 ratio wait -aintained in the mnolten &ah,• bqt

*oxygen was evolved or cooling, resulting in thf, oxygen-deficitnt structure.

Another ini.rinediate composition, SaN20. VZO4- I IV2O5 , was inveatigated by
Phillips and Wagoner( 1 50 ) by using differential therms I analysis. They found evidence
for a eue•ctzic having a solidification temperature of 900 F. A material melting at a
temperature this low- could act as a bonding agent for deposits in boilers operating at
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moderate steam temperatures. Another study by these investigators( 1 4 9 ), in which
metallic contaminants were added to a gas flame, showed that increasing the sodium-
to-vanadium ratio resulted in soft, bulky, loosely bonded deposits. This result con-
firmed the previously cited work of Evans and associates, which was carried out on a
gas turbine.

Additional oxygen-deficient sodium vanadate compositions have been reported b)
Canneri( 3 2 ), who claimed to have prepared

NaZO V2 0 4 "4VZ0 5

ZNaZO V2 0 4 . 4V2O5

3Na 2 O" VZO4 5V 2 O5.

Systems similar to the first two are reported with potassium replacing the
sodium. It is possible that complex vanadates of this nature occur in boiler and turbi
deposits and account for the inability of investigators to identify all the deposit com-
ponen.: by X-ray diffraction. There have been several reports of " inidentifled linesal
in X-ray patterns which do not conforin to any compounds listed in randard tables.

The formation of vanadyl sulfate, (VOZ) 2 SO4 , by the interacth ri of V2 0 5 and SO
at temperatures above 650 F was claimed by Wickert(Zl6). Maximv'r. formation of th
compound occurred at 850 F and dissociation began at 930 F. Vana(yl sulfate proved
to be very insoluble in water and perhaps may account for the insolh'ile portion of max
boiler deposits containing vanadium.

In an effort to come closer to actual conditions than is achieved by using mixtur
of NaZSO 4 and V?0s, Wickert(ZI 8 ) examined the combination of Na 2 O and VýO 5 in an
SO 2 -oxygen atmosphere. Under these conditions he found that SO 3 would react with
NaZO" 6Vz0 5 to produce the combination V 2S0 3 . This compound is probably betti
formulated as vanadyl pyrosulfate, (VOZ)ZS20 7 . In addition he found evidence for the
existence of ZVZO5- SO 3 , which most likely is a combination of vanadyl sulfate and
V205, as (VO4LS04-VZO 5.

Melting-poirnt diagrams for the sodium vanadate and potassium vanadate systemi
have been rep-'rted by Ca,,,crA(3). A thermal-arrest diagram for the NaZSO4-VZO5
system has been prepared by Cunningham and Brasunas( 4 5 ), and the phase diagram fo
the ca!ciurn vanadate system is given by Morosov( 1 3 4 ). The thermnl-arrest diageam
for FeZO -V 2 O5 mixtures has been reported by Monkma% amr. Grant( 13 3 ). All of thes4

.ta! diagrams are characterized by the presence of low-melting components which would
e contribute tt. dz,-osit problems in steam-generating systems.

"The nature vf vanadate deposits in boilers and the mechanism of their formation
"is obviously complex. The conditions in each bcil r systeim vary snufficii-ntlv that no

- single explanalio-, can be offered that will cover most ca-%es. However, from the masi
o( data which ha, e been accu-nulateu, it appears that vanadate deposition is a potential
problem in ;.oilers operating with tube temperatures anywhere above 650 F. The likel
hood of difficulty inmreases with tube temperature, as observed by Sulzertl96) while

| cxpcrimenting with deposition rates of threz fuels at various temperature.. His resul
are shown in Figure 31. The nigh-sodiurn high-sulfur fivel had the highest deposition
rate at all temperatures, but the vanadium-containing fuel showed the greatest
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temperature dependence. The rates became very nearly equal at 1300 F, which is the
maximum tube temperature encountered in present-day practice. In the absence of
sodium and vanadium, deposits were negligible.

Low-Vanadium Fuels. Noteworthy is the fact that there are some residual fuels
sufficiently low in vanadium and sodium that they do not cause deposit or corrosion
problems. An example of this situation has been reported(-60) in work on Canadian
residual oils. Only negligible amounts of deposits and corrosion were observed in
1000-hour tests when using residual oils from crudes of the Leduc oil fields in Alberta.
The fuels contained from 0.7 to 13.5 ppm of vanadium and from 3.8 to 54.7 ppm of
sodium. The highest rate of ash deposition waa only 5 mg/sq cm in 1000 hours at
1300 F gas temperature. However, as yet no one has reported the maximum allowable
concentrations of vanadimn and sodium that will be compatible with deposit- and
corrosion-free operation of a steam-generating system.
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CHAPTER 3. 11G011-TEMPERATURE CORROSION REACTIONS

This chapter reviews the reactions that cauie deterioration of .the metal components
at high- temperature areas in the boiler as a result of burning residual fuel oil. Mate-
rials of construction are expoted to oxidation and other reactions by corrosive flue gases
and attack by molten deposite of the oil-ash mixtures.

OXIDATION OF METALS

There hag been a vast amount of research conducted on various aspects of the oxi-
dation of metals at high temperatures. A complete survey of this work in byond the
scope of this report. However, a brief reviewv of the mechanism of filmn formation and of
the laws governing its growth is presented here as an introduction to the discuesion of the
behavior of metals in boilers.

Mechanism of Oxide-Film Formation

Practically all metals and alloys have a tendenxcy to react with a surrounding
gaseous environment. Because the rate of chemical reactions increases considerably
with increasing temnpe.-ature, the problem of oxidation of a metal be-comes particularly
imnportant at higher tem~peratures, Generally, the first result of a ni tal-gats reaction is
the formation of a solid f'im on the metal -yurface. If the surrounding gas is air or oxy-
gen, the film could be an ode of the metal. anoiThis film, in a isense, separates the metal
trorn the gas environment, Wot cioes not necess-arily stop conti-nued oxidation. Diffuizson,
or some other mechaniqis, permnits the )xsoage of oxyger. tons through the film to react
at the mectal-oxide interface. Waqner(ZL 9) has I'sted four factors that influence the prog-

ress of oxidatiorv. (1) hicknesns of the laye-r, (2) concentration or pa. tial pressure of the
oxidizing gas. (3) temperature, and (4) -cmposition of the allo-y. A complete review of
the fundamerital - ri:nsinvolved in the mechanism and kinetics of oxidaUtio a
metals is give-, 'in the biok In Kubaschewski and Hopkins(10 8 ). hv

Oxidatfion may pn-cree At vatrying rates, -id *severaldifrn eaosrphv
be en discovered emnpirizally hrtween increase -arr N ~rea caused by mcidatign

,~. (Amn) and timne oi expoli~l e Wt.

Four ol ther rri'alt in hips Are:

('4 rn kLt

Wit

7(2 7- 72
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(3) Am 3 - kct

(4) Am = k (log at + to ) ,

representing the (1) linear, (2) parabolic, (3) cubic, and (4) logarithmic relationships.
A schematic plot of Am versus t, shown in Figure 3Z, helps to visualize the progress of

oxidation with time. When the corrosion --- 'uct iz volatile or when the scale is porous
and nonprotective, the linear law will determine the progress of oxi6ation, In this case,
oxidation Is proportional to timne with no noticeable stifling, or slowing down. Figure 32
shows that in the other three cases oxidation rates are high at first but tend to slow dowa
as the film formed on thc metal interferes with the passage of ions and electrons. The
parabolic rate law is a coi.imon one, describing the situation where the oxidation reaction
is controlled by diffusion of the reacting material3 through the film. It should be noted
that a metal may start to oxidize according to one law, and then continue according to
another law. Also, a change in temperature may result in a different kinetic relationship.

Metal Sulfide and Sulfate Formation

While the above comments refer to oxidation air or oxygen atmosphieres, metals

and alloys will also react to form films with other gases, such as carbon dioxide, sulfur
dioxide, or hydrogen sulfide. This is of interest because these gases -nay be pr•-ant in
the combustion products of fuel oil. The mechanisms of film formation and the rate-of-
growth laws are fundamentally similar to those applicabL. in air atmospheres.

Kubaschewski and Von Goldbeck( 1 0 9) discussed the mechanism of sulfidation is gaseous
sulfur compounds. Metal sulfides are formed which may have different properties than

the oxides. If oxygen is also present, sulfates and perhaps other sulfur-oxygen metal
compounds may form to complicde the situation. The relatively low melting points of
some sulfides and metal-sulfide eutectics are responsible for some of the deleterious

effects that have been observed. If the temperature is high enough to melt the compound
present in the film, the liquid sulfide tends to penetrate 'e metal or alloy along its grain
boundaries. This type of intergranular attack has been oa.erved in high-nickel alloys
exposed to sul(ur-cantaining gases under reducing conditions.

Oxid-'ion- of i•'et.&i by Hot Combustion Gases

Comb• tion-Gas Formation

The gaseous p-ortion of the combustion products of a fuel oil, under conditiors of
complete caomb~tion with th0 stoichiometric quantity of air, shorld congist of COZ, HzO,

SO and N,_ This ,ituation is not likely to exist in actual tailer operration. In practice,
the Wa,1 mi-,re "ay alo contain some 0 , 11, CO, and SG3. The quantity of -,h corn-
ponen! tn th.r' gas rtreat• i wil. derend on t*,-'. criainal co-mpus&., io, f .he fuel anzi on the
c on•Fta s ion r on,.itionf.-

C On ' 5itio

When thr gas mixture, resulng frown fuel-oil combustion, sweeps over the hot

tmetal surfAces in the bo;ler, there will be a tendency for reactio,•s to take place bttween
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the metal surface and some of the components of the gas mixture. If the mixture is oxi-
dizing, oxide films will form on the metal surfaces and continue to grow according to one
or more of the rate laws. (See discussion of Figure 32, under "Kinetics of the
Reaction". At low temperatures and steady operating conditions, the rate of oxidation
may decrease to a relatively low value. Under more severe conditions, thicker films

* will be formed. These often develop into heavy scales that may crack or spall. Also, in
some cases, oxides or sulfides may penetrate the metal along its grain boundaries. If
this surface and subsurface attack continues, the result will be a reduction in the effec-
tive metal thickness and strength of the boiler tubes and other boiler components.

The behavior of metal surfaces in contact with hot combustion gases is of interest,
not only because oxidation and sulfidation are themselves harmful corrosion reactions,
but also because oxide films have been suspected of being involved with the buildup of
thick undesirable deposits in the hot zones of a boiler. For example, in the operation of
a new boiler, or a clean boiler, it is reported that a period of immunity against deposit
formation often exists, during which time an oxide film is being formed on the metal sur-
faces. As discussed on page 106 of the ASME report( 3), several explanations for the
buildup of deposits have been offered. The exact nature of the starting surface required
for the initiation of bonded deposits has nc been established.

Factors in Oxidation and Scaling

In addition to the gaseous components of the combustion products of fuel oil, men-
tioned above, other factors such as temperature, time of exposure, gas velocity, and
composition of the metal will affect I.he extent of oxidation and the properties of the oxide
or sulfide film. Many investigations have been conducted to obtain empirical data on the
effect of single gases, and some gas mixtures, on the oxidation of carbon and alloy
steels.

In some early work, Marsoa and Cobb(1 2 3) showed that one of the requirements for
heating without scaling is the absence of oxygen. Hcwever, the combustion producta of
completely burned fuel also contain GO 2 , HzO, and NZ. Nitrogen is neutrz.1 to mild
steel, but COZ and H/O are capable of oxidizing steel. Angus and Cobb(7) discussed the
reaction

HZ + C0 2 1.4 H O + CO,
6
Swhich proceeds vigorously above I100 F. They also considcied the possibilities of elim-

inating oxidation caused by COZ or HzO by the addition of CO or HZ, respectively. From
- a practical standpoint, the amounts of HZ or CO that would be required to reduce scaling

to a negligible value would be so large that much of the combustible portion of the fuel
would remain unburned.

Preece, et al. 1159) reviewed the previous literature, and their summary indicates
h, that. ."low about 13c0 F, scale formation is rather slow in COZ, oxygen or steam, and

largely independent of the scaling medium. Scaling in SOZ beromes very rapid above
1500 F, and this is associated with the formation of a ferrous sulfide-ferrous oxide

* eutectic at the metal-oxide interface.

The report by Preece, et al. (159) also included a summary of their experimental
work on the sealing of steels at about 1800 F in synthetic gas mixtures, bas'ed oi a
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"neutral" composition of 80% N2 - 1016 COz - 10% H2 0 to which CO, H1, and 502 were
added. The addition of CO up to 4% had little effect, whereas scaling rapidly increased
with additions of 0 up to 1% to the neutral mixture. Additions of fractional percentage
of SOZ led to a rapid increase in scaling in the neutral or reducing atmospheres. S02
also increased scaling in the atmospheres contnining OZ, becoming less harmful at
higher O concentrations. With 4% 02 in the mixture, even 0. 30% SO2 had no further
effect. It will be noted that these tests were conducted at temperatures somewhat abov
those generally expected in boilers. The data may be of interest however, in helping t(
explain reactions that may occur unexpectedly at hat spots.

Bourggraff( 17 ) conducted an extensive series of tests in various gas mixtures ove
a wide range of temperature. He found that scale formation was not very great below
1100 F. He classified the gases into the following categories.

Oxidizing: OZ, SOZ, and those fractions of
COZ and HZO not in equilibrium with
CO and H 2

Reducing: The fractions of CO and H2 not ir.
equilibrium with COZ and HZO

0 Neutral: NZ, and the mixture of CO, COZ, HZ, and
H2 0 in equilibrium over the metal sui face
at the existing temperature.

Preece, et al. (i59) also reported on some tests conducted at 1200 F, a temperatt
"of interest in boilers. At this relatively low temp-erature, most of the steels tested
scaled at about the same rate in atmospheres free froaui aulfur dioxide. Up to about 0.1
addition of oxygen to th', neutral mixture rapidly increaseid the rate of scaling, but furtl
additions had little effect. The effect of SOZ was similar to that observed at higher ten
peratures, but with one important difference. At the lower temperature, the oxide-
sulfide eutectic was distributed as small particles in the scale, rather than being prese
at the scale-metal interface.

The few references that have noted the effect of gas velocity on oxidation indicate
th.-. 'he effect is minor, providing that a certain minimum value is exceeded. However
this minimum is different for each gas component, and it is difficult to apply to a flue-
gas mixture the reported results for individual gases.

CORROSION BY OIL ASH

Nature o' the Attack

"The correaton of metals at high temperature that is attributed to residual oil ash i
particularly severe and proceeds at such a rapid rate that it has been termed "acceler-
ated" or "catastrophic" oxidation. The scale is bulky and not protective, sometimes
showing evidence of exfoliation. The oxidation proceeds at a rate even fastir than that
in(A.cated by the linear rate law described under "Kinelics of the Reaction". Under thesa
conditions, metal is consumed very rapidly. For example, Lloyd and Probert(lls) have
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reported that the presence of vanadiurn-containing ash caused a tenfold increase in metal
loss.

Temperature Limits

The lower temperature limit for the onset of high-temperature corrosion is not
definitely established. The early investigators were concernaed with the severe attack of
metals in gas turbines and of superheater tubes and supports in boilers producing 1050-
1100 F steam. Therefore, metal-surface temperatures above about 1200 F were con-
sidered necessary for this type of corrosion to occur. For example, in 1949, SchlLpfer,
Amgwerd, and Preis(181) studied the corrosion of heat-resisting steel by vanadium-
containing oil ashes in the 1200-1380 F temperature range. One of their conclusions was
that rate of scaling was markedly accelerated when the test temperature was above the
-melting point of the ash. Many subsequent workers have confirmed that ash mixtures in
thz molten state promoted this type of attack, but the reported melting points of possible
ash constituents indicates that accelerated corrosion could occur even below 900 F.

Schlapfer made some general observations that have been confirmed by later
workers in more refined experiments. Intensi4i of corrosion was sair. to increase with
time and temperature of exposure and with the quantity of the ash. An estimate of these
factors, especially the metal temperature, in specific applications, should give some
idea of whether oil-&sh corrosion would become a serious problem. For example,
Edwards(5l), in a review concerned mainly with naval steam-raising installations, con-
cluded that within the scope of the boiler systems surveyed, corrosion was at present a
lesser problem than deposits. Similarly, McClimont(1Z7) felt that there has been a ten-
dency to place too much emphasis on the vanadium-corrosion problem in merchant ships.
He indicated that the maximum superheater tube temperatures to be expected in such
inetallations would not exceed 950 F, and therefore corrosion would be a problem only on
uncooled superheater supports. Whittingham(ZIZ) also reported that corrosion of super-
heater tubes is not a problem in present steam power plants because operating tempera-
tures are below the softening point of ash deposits. In many of these cases, however,
uncooled parts or assemblies (such as brackets, hangers, or supports) will still be sus-
ceptible to attack because they attain temperatures above the ash's melting point.

Mechanisms of Attack

-fHrmful Ash Compisitions

It was established quite early that the presence of molten compounds on the metal
surface was necessary to promote accelerated oxidation, but the mechanism o! attack
was not clear. By analysis of ash deposits an- the residual oil, it wa, soon det-rmlned
that the principal elements causing carustrophic oxidation w'cra vanadium, sodiurn, and
sulfir. The manner rn which these elements were combined was not known, and many of

S* the 'o.-Il empirical studies were made with simplified synthetic mixtures of V2 0 5 and
Na 2 SO 4 . Results of corrosion tests began to point to a mixture containing approximately
IZ% Na 2 SOj and 8,111 V20 5 as being the most corrosive. The relationship between the
character of the mixtures and the mechanism of corrosion and deposit formation was only
partly clarified by these investigations.
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More-advanced studies were undertaken, involving the establishment of phase and

equilibrium diagrams for pertinent systems. Foster, Leipold, and Shevlin( 6Z) suggested

that the ash be considered in terms of the ternary system Na 2 O-SO3-V 2 0 5 . Through the

use of compatibility diagrams, they were able to indicate the compounds that should be

formed from varying proportions of NaZSO4 and VZO5. The phases that they proposed as

possible corrosive agents were Na 2 SO4, V205, S03, NaVO3, NaZO* 3V 20 5 , and

Na 2 O. V 2 0 4 . 5V 2 0 5 . Oxygen may also contribute to the attack by these corrosive agents.
Oxygen may come from the equilibrium mixture of S03-SOZ-O2 at the temperature under
consideration, or from the reaction

NaZO- 6V 2 0 5 , " NaZO V 2 0 4 5V 2 0 5 + l/Z OZ.

Hale and Starnes( 7 8 ), by studies of the physical properties of the ash, arrived at

the same conclusion, that NazO-V 04" 5V 2 0 5 was one compound that could be responsible
for corrosion. Niles and Sanders(1 3 8 ) conducted experiments that verified the formation

of the three sodium-vanadium complexes suggested by Foster when the corrcsponding

molar ratios of NaZSO 4 and V20 5 were reacted. They also showed that nonstoichiometric
proportions of the reactants resulted in mixtures of NaVO3 and NaZO. 3VZ05 being formed
when the ratio of V 2 0 5 to NaZSO 4 was greater than I but less than 3, and of Na20- 3V 2 0 5

plus NaZO" 6VLO5 when the ratio was greater than 3 but less than 6. This approach to the
problem has led to a clarification of the chemical reactions occurring between certain

.4 ash constituents at elevated temperatures. The correlation between this information and
corrosion will be discussed in A following section.

Oil-Ash Phase Diagrams

Other workers have extended the study of phase diagrams to include compounds

that conceivably would be formed from corrosion of alloys by the ash. Also, the tech-
nique has been used to study the phases formed in mixtures of ash components and inor-
ganic compounds that are possible additives to inhibit the high-temperature corrosion, or

modify the character of the deposits.*

Cirilli, et al. (27,28,35, 36) have tried to correlate phase diagrams and corrosive

attack of V 2 0 5 with components of stainless steels and with minor additions of alloying
metals, such as aluminum, silicon, manganese, molybdenum, beryllium, zirconium, and

copper. The variety of vanadates formed zare discussed with some comments about the
relation to corrosion. Manganese, molybde,,um, and copper are not suitable additions

because they tend to torm complex low-melting or volatile vanadates. Beryllium and zir-
conium have favorable corrosion effects, but any vanadates that sro formed decompose to
the oxide. Aluminum forms an orthovanadate melting at IZ0 F and has no favorable
effect. Silicon did not form compounds with VZO 5 . The authors concluded that knowledge
of phase diagrams of VZO5 and metallic oxides can aid in the selection of more resistant
materials by a consideration of their ability to develop stable protective films on their

surface and also to form vanadates with high niel*ing points. These are rather be. eral
statements that have been substantiated ony L'y limited expetirnental results.

I ii- reRearch by Johnson( 94 ) provided ;nformation on the eutectic composition and
temperature for a la,rge number of binary and teinary systemb composed of NV 3 + MO,
or NV 6 + MO and NV 3 + MO + FeZO 3 or NV6 + MO + FeZO3. These compoun:d designa-

tions have appeared In several publications and are abbreviations for the vanadium com-
plexes as follows:

'See Chapte, I for a dlscussion of addiltivs.
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N = Na2O

V = V2O5

MO = metal oxide.

It is interesting to note that all of the mixtures investigated had a eutectic melting below
about 1170 F, ranging from 960 to 1166 F. The conclusions drawn from these studies by
Johnson are:

(II The oxides of iron and magnesium form definite compounds with NV 3
and NV 6 and may therefore have definite value as additives.

(Z) The oxides of silicon and chromium do not form compounds with NV 3
and NV 6 but form only mechanical mixtures and are believed to have
no possible use as additives.

(3) Results with aluminum and calcium left uncertainties. Mixtures con-
taining CaO bonded to anything they touched. AlzO 3 showed evidence
of lurming a high-temperature compound with NV 3 , which is unstable
at lower temperatures.

Equilibrium diagrams were also used by Brubaker, Foster, and Shevlin(22) to
determine possible corrosion p. oducts which would be found in equilibrium with vanadium
ash components. These results are shown as equilibrium diagrams of the systems
Na 2 O-FeZO 3 -VZO 5 , Na2O-CrZO 3 -VZO 5 , and NaZO-NiO-VO 5 . The effects SOZ-SO3-air
mixtures on the corrosion process were also studied.

The identification of deposits taken from oil-fired naval boilers given in the recent
report by Pollard(1 5 3 ) is of interest. On screen tubes, a chalky white, water-soluble
coating, sometimes hidden by carbon, was found. This is either sodium sulfate or a
mixture of sodium sulfate \%ith sodium vanadate. Purple-black layers on screeaA tubes
and superheater tubes are invariably Na 2 O V 2 0 4 ' 5V 2 0 5 , sometimes mixed with
NaZO" 2VZ0 5 or sodium sulfate. These layers are difficult to remove because they are
only slightly water-soluble. They also are excellent solvents, when molten, for mate-
rials of construction of boilers.

Generating-tube d.'ýposlts are simailar to superheater deposits but show fewer signs
of high-temperature effects. Next to the metal surface, however, there usually is a
small amount of white ferrous sulfate present which turns yellow on being exposed to air.
Massive deposits on top of water drums are composed of a watee-soiuble portion that is
usually high in sodium and iron sulfates, and the purple-black layer near the tubes in
mostly NaZO" V2 O 4 " SV 2 0 5 . This classification verifies the presence of the compounds,
associated with corrosion, in boilers.

Other chemical compounds, isolated and identified fron. deposits tak-n from vari-
ous locatiuns in boilers, reported by Pollard(153), were:

(1) P,-NaZO"V 2f 4 , 5V 2 0 5 (approximatcly)

(2) y-Na 2 O0 2V 2 0 3

(3) NaZSO4

8 A T T E L L E M C M 0 A I A L I N S 7 i T U T F



77

(4) CaSO 4

(5) Fe 3 04

(6) CaCO3

(7) FeZ(S0 4 )3 , carbon, sulfuric acid, and a-SiOz.

The phase diagrams from Illarionov(9 O), shown in Figure 33 and 34, were used in the
study of the oil-ash deposits. Pollard emphasized the need for more information about a
knowledge of compounds formed between vanadium compounds found in oil ash and oxides
of potential additives. Relatively little work has been reported so far on this subject. In
the appendix to his report, Pollard has given a compilation of sources of data for a num-
ber of vanadium oxide-metal oxide systems. Part 2 of the report contains X-ray powder
diffraction pattern data for crystalline components of oil ash. This investigation is con-

tinuing and should provide additional valuable information pertinent to the problem.

The Role .:,f Oxygen

Cunningham and Brasunas( 4 5 ) reviewed previous investigations .nd theories that
have been proposed to explain accelerated corrosion. The explanation that the molten
material at the metal-ozide interface destroys the procective layer by a Xluxlng action
did not apper adequate, and Cunningham conducted the necessary experiments to pre-
pare a thermal-arrest diagram for the NaZSO 4 "V2 05 system. He noted the oxygen
absorption and evolution ascribed to the reversible reaction:

m NaO-nVO 5 " 5 -m NaZO" (n-p)VzO5" pVZO4 +1/202

Oxygen evolution has been known to cause the "spitting" which occurs when molten
vanadates solidify and are converted to the vanadyl vanadate. However, the cxygen-
absorption reaction was also thought to have some bearing on the corrosion problem, and
some experiments were conducted to investigate this point. Temperature-pressure
determinations were made in closed systems containing oxygen and mixtures of either
NaZO and V 2 0 5 or NaZSO4 and V 2 0 5 . Typical pressure-temperature curves are shown
in Figure 35. The significant features shown by the curves is the decrease in pressure
(Curve C) caused hy absorption of oxygen into the melt, above the melting point of the
mixture NaZOtVZO 5. Curve D, for the NazSO4 +V 2 OS, shows an initial pressure drop,
just as in Curve C, followed by a reversal and a pressure increase which was attributed
to evolution of sulfur trioxide from a reaction of the type

NaZSO 4 + V 2 0 5 - 7NaVO 3 +SO 3 .

It was observed that the most severe corrosion reported by other invelttigators occurred
within tht composition range showing maximum abeorption of oxygen. T' .& ¶irnears to be
good evidence for suggesting that oxygen, continually bei*g abeorbed from the surround-

inp.s, passec through the molten filhm Rnd sustains the rapid oxidation of the metal under-
Sneath. . he oxide farmed in the presence .-! these contaminants is very porous and does

not interfere with the passage of oxygen through it. Research by Johnson( 9 51 supported
the conclusion by Cunningham and Brasunas, that the molten layer appears to act as an
oxygen carrier and destroyer of protective films. Johnson heated and cooled a l-to-6
mole ratio of NaZO-V,0 5 between room temperature and 1525 F for a number of cycles.

The initial melting rel-ased 7.9 cc of oxygen per gram of original salt mixture. On
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cooling below the freezing point (1193 1) an additional 1. 3 cc of gas per gram of @&It
mixture was rn5leased. This quantity watt subsequently reabsorbed and released each
time the mixture was heated beyond the melting point and cooled to the solidification
point. Tests run in air, oxygen, argon, and nitrogen showed that oxygen was the only
gas that would be reabsorbed. Corrosion experi t'ents were designed to compare the be-
havior of Tyope 302 stainless at•el spwcirnens under a p-inch lay-r of molten salt, i. the
presence or abetnce of an oxyein atmosphere. The teat specimen heated in salt in the
absence of oxygen lost I to 2% in weight, while those heated in salt in the presence of

* oxygen lost 655p in weight. Any oxygen that reached thc meta.) au. face 'had to pass
through 1 Inch of molten, salt.

Phillips and Wagoner(a5t) verified Cunningham and Brapunas' obaewvath or of the
release of oxygen during solidification. When the Melt was observed under the Leit%
heating mi'-roscope, gas buibbles were observeu. escaping during tolldific~tion. T'he t'-rn-
perature difference between melting ant; Ireezing was also to-'iad to be related to tile

* oxygen-absorption car-acity of the compc,;nd, as shown in Figure 36. The greatest
oxygen- abrJrption ca-3acity , most severe cc#.. osion, and greatest differenre between
melting and freezing temperature all occur Pt approximately the samne ash mixture., t.,hat
is, at the NLZOV20 4 5V7O5 composition. It would be helpful to be able to predict the
type of deposit to expect from a given fuel. While Niles and Sanders( 1 3 8) have proposed
that this can be done, the experiments of Phillips indicate that it is not always possible.
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FIGURE 36. CORRELATION OF TEMPERATURE DIFFERENCE (MELTING-FREEZING)

AND OXYGEN ABSORPTION WITH ASH COMPOSITION(ISO)

Figure 37 shows that the Na/V ratio of the deposit can be up to zour times that in the fuel.
Gas temperature at the point of deposition appears to have something to do with this
effect. Gas temperature has been shown to have an appreciable effect on corrosion at
constant metal temperature. This is illustrated in Figure 38.

The Role of Sulfur Trioxide

The possible effect of SO 3 in the corrosion mechanism was mentioned by Foster( 6Z2.
The liberation of S03 in the reaction between NaZSO4 and VZO5 may have an important
effect on corrosion. A ;'rnliminary exptrin;-nt in a prefused NaZSO4-V 2 O5 mixture com-
p.ired with th! same mixture which had not been prefused demonstrated the strong corro-
rive effect of the SO 3 evolved in the reaction. Any tendency for S03 to break down into

* SO2 and 07 according to equilibrium requirements wolild make aditý',nal oxygen avail-
M able for oxidation at the metal surfaces. This oxygen would probably be present in a

nascent, highly reactive form.

Nickel and Iron Vanadates

"Ie majority of the '.nvestigations reviewed deal only with the bodium, sulfur, and
Svanadiurn components of the fuel-oil ash. ':iles and Sanders(ll1} poinied out that when
appreria)e ar.Aounts of other components are p*..dent, some of tfwc other metals will
react with vanadium, resulting in a higher Na/V ratio In the remaining mixture, and
alter the compound that will form. An example was given in which the compound

SNa2O" WVZO5 would be expected to forrn. flwever, the nickel and iron in the fuel oil
reacttd with vanadium to form nickel and iron vanadates and left lebs vanadium to com-
bine with Ohe sodium,
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Resistance of Metals to Ash Attack

From a practical standpoint, a primary interest cf users of residual fuels was to
find materials of construction that would withstand the corrosive environment. There-
fore, in many of the early investigations, the objective was to ev-aluate the high-
temperature corrosion resistance of a variety of heat-resistant alloys, with the hope of
either finding a useful material or some promising indication that would lead to the
development of a more resistant material. This became a formidable undertaking
because of the many factors that had to be taken into consideration. The quantity of ash,
metal surface temperature, gas temperature, time, velocity of combustion gases, and
thermal cycling are among the variables which could influence the corrosion results.

Kind(1 04 ) has indicated that it is impossible to reproduct in the laboratory all of
the conditions prevailing in practice. The ash-forming constituents can occur in the

* gaseous, liquid, or solid state, and the different phases cannot be detcrmined because
the chemical arid physical equilibria are changing continually. For this reason, simple

WIN laboratory tests have been condemned as being unrealistic; however, Frederick and
-Eden( 6 4 ), among others, have found them to be almost indispensable guides to determine".V the course of more elaborate experiments.

One simple test that has been used consists merely of placing z small quantity of
ash, or ash component, on an alloy specimen and heating in air. In another procedure,
,peciniens are wholly or partially immnersed in ash mixtures contained in a crucible and
heated to various temperatures for selected periods of time.

Schllpfer, Amgwerd, and Preis(181); Evans(5 3 ); Buckland, Gardiner, and
Sanders(ZS); and Skinner and Kozlik(I 8 9 ) were among the early investigators who used
these tests in exploratory work for screening of alloys and observing the effect of some
variables. Their results cannot be compared quantitatively because of other differences
in test procedures, and some contradictory results were noted. Some of their general
conclusions are in agreement, however, and have been verified by later work. For
example, Skinner and Kozlik(1 8 9) reported that nickel-base alloys were resistant to
vanadium pentoxide but were severely corroded in ash mixtures containing large percent-
ages of sodium sulfate. Similarly, molybdenum-containing alloys were severely attacked

' in vanadium environments at high temperature. On the other hand, the chromium-iron
alloys containing aho'it 26% chr-)zniutn (su,.ch as AISI 446) performed better than other
alloys under a v.riety of conditions. These comparisons are relative, and both Evansx( 3)
and Buf'kland et al. ('S) councluded that no alloy or class of mattrials which had been

* tested up to the time of their experiments could be considered to have a satisfactory
service li;fe for boilers and gas turbines burning residual fuels.

Nevertheless, the search for a useful material has continued, and a number of
additional papers have appeared describing the results of new work. MAny of these
merely corroborated earlier results and provided corrosion data on additionAl z.loys
expc-sed to vanadiunri-cmntaining fuel as;,ca.

Otiivcr and tlar-'is(14t ), and Harris, ,!gild, and Kerr(R4) used a testing procedure
which involved applying vanadium pentoxide on metal surfaces by painting them with a
suspenpion uf V 2 0 5 in benzene and drying. This was followed by exposure to preheatedU air for 24 or 70 hours. Corrosion was evaluated by weight loss after descalins. Four

and sixteen 70-h1our cycles were used. A variety of gas-turbine alloys w'ere tested, and

it wa.s shown that a rapid increase in the rate of oxidation occurred at about 1400 F. The
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¾ general effects of contamination .•.ith V205 was to lower markedly the useful se!rvice

temperature of the alloys. Some alloys were comparatively better than others. G39 (a
65Ni-ZOCr alloy containing tungsten, molybdenum, niobium, aiad tantalum) proved to be
the most resistant in this test, being corroded at a rate of slightly less than 10 mg/sq
cm/2 4 hr at 1750 F.

Fitzer and Schwab(5 6 ) used a testing prncedure in which specimens were scaled at
about 1700 F for 15-minute periodo mn a stream of oxygen, followed by brief immersions
in molten VZO, at 1650 F. This cyclic treatment could be continued as long as desired.
The use of pure oxygen and 100% V2 0 5 was not thought to affect the mechanism of the
corrosive reaction other than to accelerate it greatly. The beneficial effect of silicon as
an alioying component was shown by this procedure in an experiment which extended over
a relatively short period of 2-1/2 hours. Silicon was present in all of the best alloys.
The most resistant material was Sicromal 12, a 23% chromium steel containing aluminun
and about 3% silicon. Fitzer and Schwab attributed this to the good resistance of SiOZ to
attack by molten V2 0 5 . In contrast, the chromium-containing scale layers formed on th-

N, austenitic chromium steels are said to be destroyed by V 2 0 5 .

"Betteridge, Sachs, and Lewis( 9 ) were concerned with the effect of ash attack on the
high-tentperature mechanical properties of materials of construction, Stress-rupture
test bars were painted with water pastes of mixtures of V0 5 and Na:SO 4 and then tested
at about 1400 F. It was found that contamination with the mixtures shortened the lifetime
under stress of all materials. The decrease in stress-rupture lifetime of iron-base
alloys was caused by a reduction in the cross section of the test bar by uniform and
progressive scaling. In nickel-base alloys, intergranular penetration led to scattered
stress-rupture results. These observations indicate that the effective metak thickness
determines the strength of the construction materials and that subsurface attack (which itI no' so readily detected) may result in serious weakening of the structural parts.

The corrosion behavior of selected heat-resistant alloys suspended in an operating
steam boiler was described by McDowell, Raudebaugh, and Somers(128). The investiga-
tion was conducted at the Marion Generating Station of the Public Service Gas and Elec-
tri.." Company. Test racks were suspended from the high-temperature superheater tubesa
and presumably attained the gas tempermture at that location. This varit-d from 1050 to
1560 F, depending on the boilo:r load. The boiler was fired witP, Bunker C l-el oil.
Exposure periods of three test racks varied fromt- abo'at 500 to 700 hours. The alloys
were rated comparatively from bent tnworst, and Type 406 (l2Cr-IAl iron-base ai.oy)
showed the ]eat;t o:rori,•n penetration, a fairly uniform rnma. loss of about 0. 1 inch per
year. It vas tnought that AIZ0 3 fermed from the al-.minum in this al'oy provided reome

Sprotective effect. Corrosion of Inconel was a!so at a rate of asout 0. 1 inch per year;
but, in this case, sulfidation and intergranular oxide penetrftlton was observed. AISI 446
Incoloy, and AISI 30Q were next best in that order. For comparison, AISI 302 corroded
at a r ote of about 0. 4 inch per year. The -uthors concluded that none of the alloys
s.owred outstanding oxidation resittance, and many of the alloys certainly would be
unsat!tfactrv, for application in the high-tempnerature superheater sections o! •o.olers.

A rnore recent raper by McDowell and Mihalisin!1 2 91 reported on some labnratory
Sru. iP-le irsts, comptaring the resistance 4f 60Cr-40Ni cast alloy with several other
alloys. A- both lI )f and 1700 F. irn a mixture of_1 5% NaZSO4 and 8S% VZOS, the 60Cr-
4ONi .Alov thow- considerablyv leas weight irsm than the other alloys in 100-hour tests.

W.j_ Inionel "X'" i in exception that -ppearo Fo be somewhat more resistant tha the 6•Cr-
40'Ni alloy. How'ever, the authors point out that Inconel "X" is susceptible to suifidation
k attack' and t'•ere is no evide.:C th.at the 604-,r-4GNi alloy In similarly susceptible. A
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recent note(18 6 ) reports that trial castings of this alloy, exposed for 7000 hours in an air-
craft carrier where Bunker C oil was burned, showed very little attack, Also, bracelet
hangers made from the new alloy show no sign of corrosion after 6450 hours of expasure
at a power-plant installation.

A comprehensive report was published recently by Greenert(7 z) describing work
conduczteýd for the U. S. Navy. A large number of alloys and coatings were evaluated for
resistance to three different laboratory slags. The slags were selected to simulate the
type of corrosion observed in service, as a result of burning fuel oils of varying compo-
sition. The test specimens were precontamninated by immereion in the slag at 1600 F' for
Z hours. They were then exposed to an oxygen environment in a garttight combustion
furnace. The amount of oxygen consumed by the oxidation reaction a'- various temnpera-
tures and time periods was a measure of the extent of corrosion. The results were tabu-
lated in several ways, so that the behavior of specific matterials, or classes of materials,
could be compared. One such tabulation is shown in Table 17. Greenert summarized his
results, with the comnments that the high-chromiumn nickel alloys, and the aiioys in the
Cr-Al-Fe series, consistently exhibited the best resistance to both v-Aoadiumn anid non-
vanadium slags. He indicated that, from a corrosion standpoint, these alloys should
show satisfacrtory performance. However, their use mig,,ht be limited by poor engineering
"-d pitysical properties. The Cr-Al-Fe series is alsu discussed Ain a report by

* F.-ýwley(192). Ductility of the alloys has been improved by vacuum melt'ng and protection

by argon during pouring.

Protectivie Coatings

Relatively little information was found on the application and value of protective
coatings Algainst fuel-oil ash. Evans( 5 3 1 tested a number of coatings on carbon and stain-
less steel specimens by partial :rnmersion for 168 hours in a high- vanaciurr. oil ash at
1350 F. Silir on impregnautionI hy a proprietary process provided the most protection for
carbon nteel. limiting the '-xidituon weight gain to that obtained by heating the steel In air.
It wras reported that the coziting would not adhere to heat-resisting steels. Chrornizing of
carbon stetel and AISI 43L0 Nxxs- the next moLst promisin~g treacment. Other c'3atin 8 uch
as alumniniz~ing, calurising, .'und galvanizing were partially protective. Sraw-ley 193)
tested alurninimzed AISI 310 stee~l by conlamiinilting the surface with a mixture of equal
parts of V -05 and -Na-%SO. and`1(ir. in ;.muffle furnace at 1700 F. In this test, alumi-
niring did niot rce-ice corriosion to Any significant extent. b~ut it wasn Indicated that a more
eXtensive in% tiation should be Lde before m-king f~nai conciueio. . F'rsderlck and

~ 0 p:(4enb4) examiined the t-ffect o'f %'205 plus 1056~ at ýW4 F' ý-n nickel and chromium
t-lectrode-posits. Nickel off~ered lhttl^ re~sistantce to azt.ace'. It *!arted ýo 'jilintegrate
after 200 hours of expocure. On the othier hand, the < ro-mium electrc-depouit was found
ti *be r :,tant in !tself. but it fadled by cracking becautse of the differen.:e In thermalI expansian 1#tween the C 34ati:-g And the basis mnetal.

Lrwi;. in Frcsr~g -ederick and Lden's rresvts(K4 . -,eported thme ? **jg!

efcoi:%ing n--iirrials h:1d been tesnted at 0th: T!-orntonr Researc-h Center in England. !n

1)hc;r -xn,) r~vnenui ale-). the coatings disimiteý...td e~'ras a -e~ult o! oxidation thro~ugh
Zýrvin tine coating's or AS a re~ult, of diffe-zential eypansion betw~een the ceakiri~ and 0fe

thiuwh thtcrmee aee %wddffsal..xd pr po~ie

timeaur.Teeoe ezg0ýs~ etrrsit mgtb
ohan* -- 1 nzn 1o ain oeihrn xdto eitne
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TABLE 17. RELATIVE RESISTANCE OF SEVERAL AI.WOYS AND COATINGS TO CORROSION4 BY SLAGS('"
Basis:. oxygen Contsumed in 23 Hours of Test

sulfated- Nonsulfated- Sulfstcd-
Milliliter Vanadium Slag. Vanadium Slag. Chloride Slag,
of Oxygen 7 GhV205+ 79%V205+ 9016NA2 SO4 +

GrouJping Consumed 341 N42SO4  21% NAV03 10'* NICi

Hastelloy D Silchrome 100 Cr
Durichior Hastelloy D 30 Cr-SO NI-40 Co
25 Cr-6 AI-Fe(a) lHaynes-Stelflte 31 60 Cr-40 Ni
60 Cr-40 Ni Dudron 14 Cr-14 Mn-Fe

Esednt0-50 Bezylliumired 25 Cr-5 U~pa(b)
Type 310 SS 25 C,-9 Al-Fe

CD~4Cu
CISC2 cermet

Durlcon 25 Cr-5 AlI+4b) 25 Cr-S Al-Fe
W~ Ct-30 Ni Enduro A Masailloy D
100 Cr Durichhxo 60 Cr- 50N1
Inconsl 'X Incontl 'X Type 304 SS

*Inc onel 100 IC7 Typo~ SOS p~oltu
Excellent 1- 1'JO 50 Cr-SO Ni compoact

Dcrylliumixed
zy-pe M1 SS

Berylliurnized HS-31
Derylliunlzed

Incwnel

25 Ct-S Ai-Fe(b) 25 er-3 Al-fe Haynes-StaUlie Mi
Cra(:2 cerrnet 30 cf-30 141-40 Co
25 Cz-9Al-Pe W CT-40 Ni
30 C;,30 NI-40 Co Inconel

Ano525 Typ), .04. psou
GoodJ 1f0-200 Hk"MfS8tflt4,e 31 cmu

j~i14 Ct-14 Wnre 0c-'C counat

511chrome
Serylliumized

trnduro A 25 Cr-g Al-Fe 501yallunnize NS-31

26 Cr-3 AlFe 14 CI- 4MMn4-0 GKA 235

Type 24 SS GM 21,Eau'
Armco 524 todf~eld atzel Cesamoruis

Flti 200-300 Typt 3048SS Armco W24

NII
5smcbht bttrel than Arirco S10 Anm'-o 6251 e'ct,

~r~SS 300-44c liI$Lctd lt.Al vfvw&Oy X m~ 2f12 &I
SInsm Armao 619 Tyy'v 1417SS

T 3 10 SSto 0- V Q ttcrjI1wniz13 R1-31 Type 2201 &S
TyPe 202 &S
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TABLE 17. (Continued)

Sulfatd- Nonsulfated- Sulfated-

Milliitter Vanadium Slag. Vanadium Slag, Chloride Slag.
of Oxygen 70% V205 + 70% V205, 90+ NA2S0 4 4

Grouping Consumed 30% N2S04O 211% NaV03 10% NaCl

No improvement over Anmco 519 Type 201 $S Hatelloy X
Type 310 SS 500-600 Type 201 SS 12% Cr steel

Type 304 porous BerylUumized
conpact Type 310 SS

N-155

No improvement over 600-700 12%1 Cr steel Inconel "X"
Type 310 SS CDMCu Duiz'on

No Improvement over *i00-1000 Type 347 SS Inconal
Ty-v 310 SS Thermenol Berylliumhzei d

CetametaUx IFicenel

12% Cr steel Nlrnonic 80
TyNr 310 6"; Sllchrne
CD4QCu Dvuchlc (e;q

Ne Improvement over i000" Iron, ingot Armco 515

T)pe 310 SS Type Mi4¶ $3 Ameco 519
Type 202 SS Aunco &24
Cuametalix Atmco 525

Uion, ingot

Note-. SS a tainIs steel

(L) Cast product.
(b) Wroght product.
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Several coated, heat-resistant casting alloys were included in the tests reported by
McDowell(laB). The coatings were of the ceramic type, consisting of a mixture of oxides
applied to the specimens and fired at a high temperature. After exposure of about 700
hours in the superheater zone of an oil-fired boiler, the coatings had chipped and cracked
but had not been penetrated completely. Photomicrograph revealed a layer at the metal-
coating interface which appeared to have resisted corrosive attack. This type of coating
also was shown to be protective in one of the case histories included in the NACE Techni-
cal Committee report(137).

Application of protective coatings by metal spraying was considered as a means of
preventing the corrosion occurring in mercury boilers. (79) Sprayed layers of Z6%Cr-Fe
alloys were found to have good inherent resistance to oil-ash corrosion. This ig in
agreement with the good corrosion resistance of AISI 446 reported earlier. It was indi-
cated, however, that the value of such coatings would depend on proper treatrn_.. of the
surface to be sprayed, and possibly treatment after spraying, to provide -n impervious
coating and a metallurgical bond at the metal-coating interface.

Thus, it appears that some relatively ash-resistant materials exist, but the prob-
lem of applying them to metal surfaces economically and in a useful form has not been
solved. Further work on the development of protective surface coatings may be justified

on the assumption that higher coticentrations of beneficial elements can be tolerated in
surface layers, rather than as alloying ingredients, without excessive harm to the physi-
cal properties of the alloy.

Foater( 61 ) summarized the situation with regard to materials and protecti'-e coat-
ings wiLn the statement: "No single alloy, protective coating, or ceramic material has
"been found that by itself will be completely immune to attack by all residual-oil ashes
under conditions of gas-turbine operation". However, for something less than complete
immunity, the comparative results discussed above show that some metals and coatings
are relatively more ash resistant than others. Their application in practice will depend
on the service conditions encountered during operation of a boiler and on economic con-
siderations.
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CHAPTER 4. CONTROL OF BOILER DEPOSITS
AND CORROSION

Methods of operating the boiler for the control of deposits and corrosion have been
dealt with in the previous three chapters. This chapter deals mainly with special proce-
dures for the control of deposits and corrosion, especially by additives.

METHODS OF CONTROL BY ADDITIVES

Since the removal of the harmful constituents from residual fuel oi' at the refinery
is not considered a practical or economical soluttion to the problem by the petroleum
refiners, investigators have given their attention to other methods of corrosion control.
Considerabie study has been devoted to compounds thaL can be added to the fuel oil or to
the furnace to minimize deposits or change their physical characteristics, and prevent

* * or reduce the corrosion of metallic surfaces.

Control of Flue-Gas Condensate

There are several possibilities for the control of corrosion by flue-gas condensate
at the wet end of the boiler. Additives have been studied for the control of corrosion re-
sulting from sulfur compounds in the flue gas. In most cases the objective has been to
reduce the amount of SO 3 formed or to deal with the resultant sulfuric acid-bearing con-
densate. Additions have been made directly to the fuel oil prior to ignition, t:. the com-
bustion air ahead of the burner, to the gases in the furnace just beyond the burner, and
at various points within the boiler up tu the air preheater section.

Ii is generally agreed that the additives for the control of corrosion by sulfur com-
pounds act by one or more of the follows& mechanisms:

(I) Reta"'iatiori of 50 3 formation

(2') Physical obsorption of S03

"(3) Neutra ization of S03 by chemical reaction

(4) Ccrrosion inhibition of metal surfaces by passive films.

Oxid. I -n lnhibitnri (Retardation of S03 Fv'rmation)

* At the present tit-te, agreement has not been reached as to the mechanism of the
oxidation of SO' to SO 3 in boilers. There is evidence from several sources that both of
the two major mechanisms proposed (i. e. , catalytic action and gas-phase oxidation) are
effective to some extent. If the action is by catalytic activity from metal oxides or

S^A T T E L L E UIE u 0 I I A L I N 9. T 1 7 U T E
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deposits on surfaces, the inhibition can be effected by coating the surfaces with an inert
material. In this connection, Harlow(8 3 ) has studied the use of sprays of aluminum ethyl
silicate.

If the oxidation takes place through a rapid reaction of an active species in the
flame, the theory would predict inhibition by the addition to the burner of finely dispersed
solids, since the solid surface area would be increased and the reaction

2S 3 + Solid -2S02z + O + Solid

would be favored. As has been pointed out by Wbittingham(Zl 2 ), carbon and zinc smokes
are particularly effective in reducing S03 contents.

Physical Absorption of S03

Some relatively inert materials have been found to be effective in reducing the SO3

content of the flue gas when they are added in a finely divided state. Typical examples
are silica srn, clays, and pulverized-coal ash. It appears that their effectiveness is
due to the physical absorption of the SO3 by the particles.

Neutralization of S03 by Chemical Reaction

The use of additives to neutralize the SO 3 has been given a broad technical study.
Two schemes have been examined: (1) the use of finely divided alkaline particles and
(2) the introduction of gaseous ammonia. The finely divided solids include magnesium
or calcium compounds, either singly or as dolomite, zinc smoke, or zinc metal. In
many cases, the action is probably a combination of absorption combined with chemical
reaction or neutralization.

Ammonia. Since the effectiveness of inhibitors is greatly dependent on even dis-
tribution and intimate contact between SO 3 and the neutralizing chemical, it is readily
apparent that gases afford some advantages over finely dispersed solids. Ammonia will
combine readily with S0 3 , and it is economically available as a gas. It has been and is
still being seriously conoidcred, both Lere and abroad, as a means of controlling low-
temperature corrobton.

For exanxple, in 1956, Rendle and Wilsdon(166) conducted t. siady with i. v&riety of
inhibitors and concluded that ammonia injection was the most efficient and economical
method of lowering the acid dewpoint and reducing corrosion. They injected ammonia at
a concentration of 0. 06% by weight of the fuel into the combustion gases at a temperature
slightly bclow 600 F. By a proper choice of temperature it Is possible to reach condi-
tions where the ammonia reacts only with SO 3 and ne.t wk'h the more prevalent SO 2 .
E:ther aminonium bioulfa.c, NH 4 I1S0 4 , or normal sulfa-e, (N114 i2S0 4 , is formed, de-

pendin .'' the concentrations of aminonia. Further tests were described byRendle,

et al. ,167) in 1959 .r.-olving full-scale trial: in oil-fired boilers. The resulte in sev-
eral installations were very encouraging. Figure 39, taken from their papyr, shows that
the corrosion was reduced to a very low level by the addition of 0. 05% by weight of am-
monia. The gas was added between the economizer and rotary air preheater.

0 A T T E L L E I$ E M 0 P I A L I N $ T 1 T U T E
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Another boiler operated for 8 months using ammonia injection to tubular air pre-
heaters, with biweekly air lancing, showed no evidence of corrosion.

An ammonia-injection installation was also evaluated in a boiler which had re-
quired tube replacements every Z years. It was concluded that the lle of the tubes would
be increased to about 18 years by the use of ammonia and water washing, and to about
7 years by the use of water washing alone.

Other studies to date have shown that ammonia will effectively reduce the dewpoint
but that additions must be made with great care to avoid excessive blockage of the air-
heater channels(2? 3 ). Wiedersum aad associates( 2 21) recently concluded that ammonia
treatment of the flue gas entering the Eddystone pulverized-coal-fired low-level econo-
mizers could not be justified because the corrosion was not significantly reduced and be-
cause objectional deposits were formed.

Upmalis( 2 0 7), in Scandinavia, rejected ammonia because of the very adherent de-
posits which formed on the heat-exchanger surfaces. Jarvis( 9 3 ), In 1958, described
results from four stations, including one in France. In most instances, rapid blockage
of the air hea.t~rs was experienced, but sufficient intorebc was noted that tests were
continued.

It should be mentioned that the injection of ammonia into the flue gas from a
pulverized-coal-fired boiler at 420 F virtually eliminated corrosion at metal tempera-
tures between 150-420 F, as reported by Kato(9 6 ) in 1960. No buildup of deposits was
noted after 60 hours.

In laboratory experimcnts, ammonia was found to reduce VZO5 at 1290 F to form
the high-melting V2 )3. This reaction also occurred when the ammonia was mixed with
air, in amounts up to 951 by volume of air, and has been attributed to the lower energy

requirement for production of atomic oxygen from V2 O5 than from oxygen in the air.
Ammor- partially reduces alkaline earth sulfates, particularly if they are mixed with
V20 5 . The injection of ammonia into a high-pressure combustion rig resulted in lowered
deposition, with an analysis about 20% less in V20 5 and SO 3 . Sutoler(197) felt that the
cost of the materials added was out of proportion to the effect obtained. Injection of
heavy fuel oil into flue gases at 1290 F in the combustion rig caused about the same re-
duction in deposits as ammonia. Th.s effect was attributed to the reducing atmosphere
produced by uaburned :Arbov" tnd the CO surrounding it. Ash constituents concentrate

,• in the residual carb5.n, but at the expense of combustion efficiency.

At the present time, it is concluded that arnmotnia treatnier..:- may be most effec-
tive when:

(1) The SO 3 content in the flut gzs is relatively low

(2) The location and the method of inirt-tion can 1pe ýýartlly cointrolled

(3i Periodic water washing can le employed.

Thus, the process may be of most value to scavenge the residuAl S0 3 present when a
boiler is --perating at the minimnum of excess air.
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Dispersed Solids. Extensive studies have been made with the use of finely divided
solids to neutralize the SO 3 in the flue gas.

A comparative survey of many additives wao sponsored by the Central Electricity
-"i Generating Board when air heater corrosion problems developed as boilers were con-

verted from coal to oil firing, and results were presented in 1959 by Wilkinson and
Clarke(2Z 3 ). They reported that an addition of dolomite (20 microns) at the rate of
4 lb/ton of fuel oil reduced the corrosion and deposit formation and caused a drop in SO 3
from 15 to 5 ppm. They also found in another experiment that a proprietary additive
(MgCO 3 , Zn, CuO, C), of Z00-mesh size, added at the rate of 2 lb/ton of fuel oil re-
duced the corrosion and deposits by 50% and lowered the SO 3 from 40 to 18 ppm. Mag-
nesium oxide was found to be unsatisfactory because of the difficulties in adding it to the
boiler and because adherent deposits were formed.

Black and associates( 13 ) measured dewpoints in flue gas with two additives. A
reduction in dewpoint of 10 degrees was observed when magnesium hydroxide was added
to fuel oil. On the other hand, additions of dolomite to the combustion chamber were
not effective in lowering the dewpoint.

One of the more-recent extensive evaluations of additives for the control v'f acid
deposition was conducted in England in two boilers, as reported by Alex.ander and assc-
ciates(Z). Both stations used residual fuel oil containing between 2. 9 and 4. 6% sulfur.
The effectiveness of the additives was measured as follows:

(1) By analyzing the flue gas with

(a) Dewpoint meters
(')) Deposition probes
(c) Corrosion probes

(Z) By noting changes in boiler operations

(3) By examining the >oiler surfaces fuiloxwing e-ach trial of Z-week duration.

The additives evaluated were:
I-

(1) MKagnesium tarbonatc, 200 :neeh

(2) Proprietary additive, approximately equal proportion of muagnrssium car-
bonate and doomitc, to which 3%# zinc oxide was added

(3) Metallic 1!int, 6 to 8 microns

(4) Pu-verized-coal ash

* (5) Dual burning r~f wi, and pulverized coal in the ratio 9- i. The dual-irln4
experin,.ýl --. k6 included to provide more iniormat;,nni * the effects of

I,• ! ' corni-w-tion of solid-fuel parttci•.ý in an oil flarnie, combtned witl. the
action from chem-cal7y inert aish particle#.

" The additives were injected inio the combustion chamber by means of c-rnpreseed
air with the following reaults:
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It was found that the amount of sulfuric acid in the flue gas at the air preheater
inlet and outlet was greatly r. -:!-ed by the addition of magnesium carbonate, by the pro-
prietary additive, and by the zinc dust. Since the proprietary additive caused the great-
est fouling of the air preheater, and since zinc dust fouled the burner-air ports, the
magnesium carbonate was considered the optimum material. Severe fouling, combined
with deposition of sulfuric acid, resulted from dual firing and from injection of
pulverized-coal ash.

Following the study, it was recommended that:

(1) All oil-fired boilers should be operated with the ininiuum practicable
amount of excess air.

(Z) Further trials -with magnesitm carbonate and zinc are warranted.

(3) Improvements on methods for adding powdered additives to tht hoiler
are needed.*

Other Methods for Control

inhibition of Metal Surfaces by Passive Films. The steel-finishing industry uses
special film-forming inhibitors in the acid to control the attack on the steel while re-
moving mill scale and rust by pickling. This method has recently been applied to the
corrosion problem in air preheaters, in econcomizers, and in other such relatively cool
areas as the metal stacks.

In 1954, Kear( 9 9 ) reported a reduction in corrosion rate at temperatures below
240 F when certain coal-tar bases were sprayed into the flue-gas stream at areas near-
500 F. In 1958, Jarvis(93 ), in large-scale trials in a boiler, indicatid some s'ccess
when using a commercial coal-tar base sold under the tradename "Teramin". This
material is a mix.ure of heterocyclic ýzi-tiary amines which vaporites and subsequently
condenses with the stviýuric acid at the cooler zones. Two years later, Davies and
Ale.ander( 4 8 ) summarired resulto showing how this additive was used on a laboratory

.tcale and in a variety of large boile-rs, including marine installations. They reported a
reduction in corrosio;i 'y % much as 80% when 0. 03% of the amine (by weight of the fuel)
was added to the fiue g.s. The amine treatment also appeare to facilitate the removal of
carhon and deposits from the metal ourfaces when they are water washed.

Disadvantages of the !remtments, in addition to the main one t4 cost, are the diffi-
culties in obtaining "inforin injecfion and distribution to the areas to be protected. Also
reported are objectionvblc odors *t leaks are present in the boiler or if too much ot the
ani.ne is exhausted in the st•ack.

Les*-encoouraging fesuli for- these mate-rials wrcre presented by Wilkinson aTne
Clark,( 's from triala a% the Marzhwood Generati-ng Station U1 England. Th7y apreed
th4t the inhibiting zctit•r reduced corroaior, somewhAt, but found objectt.ale anmo-,ts
uf deposits on much of the lo--temnperature sýkTfaces.

*tCcv-. I Ot c'nta 11"ic' G.ftsif~ oakl hat bee 4 ?4di vm&H ?~ al UM(eZ1tC 1 rft1jR 5dV a~O*'t #tS S

A- I- E&t f!..ý No, , crwt r&-ellcc kts s~ * bea g~setaa u et to dotenmSat Its efletvettrzu bý_ ex~y +4r

SA T YEL LE ECU 0 qI AL I N S I I T



V

95

It would appear tha-, at the present time, the use of pickling inhibitors to reduce
air preheater corrosion holds some promise, but further developments are required to
justify widespread adoption.

Use of Insulated Chimney to Prevent Condensate Attack. Steel stacks or chimneys
for boiler exhaust are made self-supporting and also are stayed with guy wire', 1o allow
lighter-weight construction. Wind velocity, height of the stack, and the difference be-
tween the flue gas and ambient temperature all affect the natural draft. For larger boil-
era, forced draft is commonly used.

TLe introduction of residual fuel oil for the firing of boilers has resulted in c Mrn-
plaints in some areas. Acid smuts emitted from the chimney have resulted in darn e to
property, clothing, and materials in the neighborhood of the power plants. Even w. %
good burner control, smuts are emitted when condensation takes place in a steel 6, .ck.
The smuts are found to be spongy flakes of iron sulfate plus carbonaceous matter

It is believed that acid agghlmerates aze formed on steel in contact witl: .lue gas.
Condensed sulfuric acid attacks the steel, and the iron sulfate flakea are -"--e-ntrained

in the gas. Experiments have showt, that maintaining the flue gas in the r. ý,.ck above the
acid de,. point will eliminate the p, oblem. Blum and co-authors{I 5 ) have tried installing
an aluminum heat shield around the stack, allowing a 0. 25-inch air space. This effec-

V: tively maintains the interior metal wall of the stack above the condertuation temperature
of the flue Sas during the firing period of the boiler. It practically eliminated the prob-
leiii of amut emission under the conditions of their experiment.

"The boiler used by Blum, etal. is fired on a cyclic basis. During the part of the
cycle when the burner is full on the inlet flue-gas temperature was 650 F and the exit
temperature was 540 F. During the off period, for the burner the inlet temperature was
320 1 . the exit te-nperature was 290 F. Since the original experiment, a number of
stacks have been insulated. It is reported that the method i') widely applicable. In
Brita.n, for example, one can purchase a prefabricated stAck with an alumninum heat
shitid, or one can contract to have an existing stack insulated by -luminurv.

Oi!-Ash Corrosion

In most ca-ts, t,- correctu-n ol a problem in one section of the boiler will affect
the retnamnder ,f 'he system. A study of the entire system must be made. For ex-

ample, Sulzr r(l" 7 ) indicated that fomrnAt.on of ash deposits anli corrosion caused by oil
ash are inseparably connected. that is, if the for-tnati--n of rpojits can ba pre-vented,
Corrolle- is also obviated. I-eo'ever., this view is not iunanimously accepted, since ether
difiicultie- ha-ve arioen in some b1ioers. The major effort in the development of an oil-
additive procedure has bhin concerned with (I) raising !he melting Point of the ash to
eli•3nate sti-ky cort osive particles or (Z) changing the characteristic• of the deposit to
that i• ct-uid Le easily removed if it deposited on'- J-b rn-tal P•trlaces. For many years,

there has be.-n a tre -•erid.'q amount of sifoert -\pc.ded on *hese two approaches to the
%'. pc-,hlten•.

The .nvc,•.ttons reported in t0.o literature fall into several categories.

(t) Fundane,.tAi ,aer otudiles and experriments deuignsd to provide informa-
tion on melting properties of oil-ash additive raixtures, and developnent
of phase or eqin•;briurn diagrarns of ther systems
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(Z) Empirical evaluations of proposed additives in laboratory crucible tests,
or in experimental rigs simulating boiler and turbine conditions

(3) Tests of additives in full-scale operating boiler plants.

The use of additives to prevent high-temperature deposition is based on the theory
that raising the melting point of the oil ash will avoid formation of sticky adherent par-
ticles. Consequently, additive materials are selected to form compounds with the oil-
ash components having melting points higher than those of the untreated oll ash. For
example, magnesium vanadate melts at 1535 F, which is 300 to 400 F higher than that of
the various sodium vanadates that can form in the boiler. In this report, reference has
already been made to much of the work that has been done on melting characteristics of
mixtures and on phase diagrams. (See Chapter 3, "Oil-Ash Phase Diagrams".)

The fuel-oil additives fall into two classes, depending on whether or not they are
soluble in the residual oil. The insoluble materials are usually solids which are either
introduced into the oil or blown into the boiler at some point. Those put in the oil may
be used as water solutions emulsified in the fuel, or they may be solids slurried into the
Soil. The oil-soluble materials are usually in liquid form to facilitate ease of mixing
with the residual fuel oil.

Oil-Insoluble Additives

Principles Involved. A great deal of the experimental work in the additive field
has been done with solids. Evans( 5 3 ) waa among the first to suggest an additive whose
function would be to react chemically with the harmful ash components, forming com-
pounds tn±c would be solid at the operating temperature of the boiler components. Cal-
cium oxide was shown to accomplish this in a crucible test when added in sufficient con-
centration to form 3GaO" VZO 5 . Eva-rs pointed out, however, that a low-melting-point
eutectic could form at a lower concentration of CaO, which would make the ash more
barmful by lowering, rather than raising, the melting point.

Monkman and Grant(133) diluted synthetic ash with oxides of several metals and
determined approximate melting points. They reported that MgO, CaO, and NiO in-
creased the melting point considerably, 'vhereas A12 0 3 , SiOZ, and ZnO had no effect
whatsoever. Lucas, Wed-l1e, and Preece(l19) used a Seger cone technique to determine
the hiquidus temperature of a number of vanadium pentoxide-m-tal oxide systems. MgO

and NiO mixes gave the most rapid increases in melting point, while A120 3 caused no
increase until about 50160 by weight had been added. These eariy studies were quite em-

pirical, and Pfeil( 147) suggested that the approach to these problems should be to get
basic information on chemical equilibria which can be set up between the constituents of
the ash and the products of oxidation of the alloy, with particular reference to melting
rangce.

Niagnesiurn and Calcium Compounds. Marnesiurm and calcium compounds have
been F. lected as s,:itable additives b)- an uverwhclming majcrilty of the workers on the
problem of high-temperature corrosion. The results in the laboratory and in practice
appare.itly justify the selection. It is pointed out by Niles and Sanders(1 3 8 ), however,
that there is still much to be learned. Factors that need further study are (1) the effect
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of _03 and SO, on deposits and or. complexes former' wi-h azdditives and (Z) the influence

of the minor metallic elements Lhat are presert in fuel oil.

Niles and Sanders prepared pure compounds from VzO5 and MgO and obtained
some information about the effect of SO 3 in 'he comb~as-on system. Magnesium ortho-
vanadate, 3MgO" VZO 5 , was formed from MgO and VZO 5 , and it was shown that this was
formed regardless of the mole ratio of MgO to V 2 0 5 . However, when the ratio was less
than 3 to 1, the reaction product included V 2 0 5 , and when it was greater than 3 to I, an
excess of MgO was present. Similarly, mixtures of MgSO 4 and V 2 0 5 were reacted. In
this case the equilibrium mixture is the pyrovanadate:

ZMgSO 4 + VZO 5 - ZMgO'VZO 5 + ZS0 3

Whether MgO or MgSO4 is the reactant in a commercial system will depend on the par-
tial pressue of SO 3 in the combustion gases. Units operating at atmospheric pressure
may or may not have sufficient SO 3 partial pressure to form MgSO 4 , depending on the
operating metal temperature. The importance of this basic chemistry was indicated in
crucible corrosion tests at 1500 F, using the magnesium compounds described. The
pure magns3ium pyrova:uadate was rhown to be 100 times as corrosive as the pure, mag-
nesiumn orthovanadate. This paper of Niles and Sanders represented an important con-

* tribution to the basic chemistry of the systems. However, it was pointed out in the dis-
cussion of the paper that the reactions described are not likely to go to completion in
boilers because of the short res:,' ence time in the gas stream, and also because the low
concentration of the reactants in the gas stream would prevent intimate contact between
particle-

u.)tL g, Hershey, and Hussey(Z-5) developed a refined microfusion apparatus to
deterriiL:- .ccurately the fusion temperatures of ash mixtures. Four stages of melting
were noted and proposed as standards for evaluating fuel-oil ashes: (1) sintering,
(2) first bubbles, (3) initial melting, and (4) complete melting. Their preliminary re-
sults indicated, from melting-point data, that magnesium and calciujij were possible
additives. Corrosiun tests confirmed these results for MgO, but in the case of CaO,
more corrosion was observed than that found for untreated oil. The reason for this was
thought to be related to the extremely heavy deposit that accumulated on the test
specimrens.

Later, Yourg, and Hershey(IZ4) reported that the microfusion technique proved
useful as a rapia an-I convenient means for evaluating fuel additives, but they felt that
phase diagrams for binary mixtures of ash constituents and proposed additives are really

* needed to select the concentration ranges which should result rin -lid ash products.
Such diagrams, for the most part, were not available. From thermodynamic considera-
tions, they calculated theoretical melting-point curves and dissociation constants for
various oxides and sulfates. Their results indicated that the oxides of aluminum, cal-
ciumn, magnesium, and silicon should be most effective in raising the oil-ash melting
point. in audition, when the dissociation of suaiates, which would invarikbly be tormed

. with the sulfur in the ci0, was taken into accoint, an order of preference was et~lb-
lihr+-1 aluminum, magnesium, calciun,. Figure 40 ahllvs composites of the curves for

* seve:al oxdes a.-d s@lfates and for vanadium pentoxide and sodium sulfate. The inter-
sections of the Va05 and Na!SO 4 curves with those for the additive compounds represent

the theoretical "utectic points.
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The excessive deposition that sometimes occurs with magnesium additions may be
attributed to the use of an improper amount of the additive. Niles and Sanders(13 8) found
that magnesium pyrovanadate, ZMgO. V205, occurred ir. deposits when the amount of
magnesium added corresponded to the stoichiometric quantity needed to produce this
compound with the vanadium available in the fuel. This pyrovanadate has a melting point
of 1240 F and is capable of forming bonded deposits wherever metal temperatures reach
this level. If metal temperatures are below 1240 F, however, a 2-to-i ratio of MgO to
VZO5 can be effective in changing deposits from molten globs to fluffy, easily removed
particles, as has been the experience of the Public Service Electric and Gas Company
pany( 1 6 1). When the magnesium-vanadium ratio was dropped to 1. 4 to I, tube wastage
began, and if it was less than 1. 4 to I the tube banks plugged. Generally speaking, the
best results seem to have been obtained by using a 3-to-I ratio of magnesium to
vanadium.

Cunningham and Brasunas( 4 5 ) referred briefly to the use of certain desirable addi-
tives and reported the results of one enperiment with magnesium oxide as an additive.
X-ray diffraction studies showed that a new crystalline substance was formed when MgO
-was added to the NaZSO4 -V?0 5 mixture. No attempts were made to identify the new
phase, although the mixture contained 21. 8%4 by weight of MgO (53.5 mole %). This cor-
responded Lo 6MgO' 4V2 0 5 NaZSO4 . Further it was shown that although the 4-to- I ratio
for V.0 5 /NaZSO 4 is in a region of high oxygen solubility, the addition of 21.876 of MgO

0 resulted in oxygen so!uibility decreasing almost to the vanishing point. Therefore, it ap-
pears that the bi-xeficial effect of additives may be not only to raise the melting point of
the h but also to reduce absorption of oxygen. The latter effect should be investigated
ft rther.

The results of laboratory studies invulving additions of metal oxides to a typical
"-ii z h are shown in F-gure 41. In this cise MgO and CaO proved to be a great deal
more efic-'.ve in rai__ng the melt,,g point of the ash than either A12 0 3 or SiOZ. (133)
The ap.laren' contradiction of these results with the calculations of Young and Hershey
probably stems from the fact that thoir calculations required the asournptions that ideal
solution- resvlt anti thtt no inte"mediate compounds are formed.

In genera!, it may be concluded that metal oxides in very fine particle size are
most effective as solid additives to oil-fired systems. Whether the metal should be
aluminum, mnagnereium, -iliBon, or calcium appears to depend on the particular system
in question. Variations in performance observed by investigators in this field are prob-
ably due to differe.-.zt in coisdition. ,hat prevail at the installations. An inorganic com-
pound with basic properties such as ,.agnesium oxide or dolomite, )_olds "-,ost promise

• because it can fulfill t-! double fuactior •f reducing deposits cautied by soditx"iu and vana-
dium, and a* tUe same time neutraare the SO 3 in the flue gaseL.

Oil-Soluble Additives

Urnless the additive is wiil O:srersed with the reridua! fuel oil at i...:te stage in the3
0 combustion process, it may not be effective. Attention has been given t,- .he possibility

16f chnvsing additives which wi 1, diasolve in the fuel oil to obtain increascd effectiveness.
,A suabie additiv- 'n .•,lution automaticall',, will have intimate contact with each oil
droplet foirned in the burner. Under these -onditions, it i0 more likely that the desired
high-melting ash compounds will form ih the course of combusti'n.

SATTELLE MEM0RIAL #NSYITUTC^dI
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Metal Organics. Extensive experiments with oil-soluble additives were performed
in a small-scale burner by Amero, et al. (4). Their results correlated well with similar
tests in a full-scale, 10-inch combustor. The naphthenate salts of various metals were
chosen because they are soluble in oil. Manganese, strontium, and rare-earth naph-
thenates performed better than calcium naphthenate, magnesium naphthenate, and an
organic aluminum compound from the viewpoint of deposits. There seemed to be no cor-
"relation between the amount of deposit and the amount of corrosion. However, those
compounds which gave the least deposits were not particularly effective as corrosion
inhibitors. The most effective material for combined deposit and corrosion inhibition
was manganese naphthenate, followed closely by rare-earth and magnesium naphthe-
nates. It is significant that oil-soluble compounds of the elements tested were not nec-
essarily more effective than insoluble compounds, although they were more expensive,
per unit of active ingredient, because of the larger equivalent weight of the organometal-
lic compound.

In a similar study conducted at the U. S. Naval Engineering Experimcnt Sta-
tion( 18 Q), 34 metal naphthenates were tested, using a high-vanadium fue*- at tempera-
tures from 1500 to 1700 F. The lanthanum, antimony, and iron naphthenates were best
in reducing deposition and corrosion. Others which performed well were the derivatives
of calcium, sodium, manganese, ceAum, and neodymium. Barium naphthenate has also
been shown to be an effective deposit inhibitor. (197)

4
Occasionally, it has been observed that a combination of an oil-soluble and a solid

"additive is more effective than either used alone. Of a series of tests with magnesium
naphthenate, a mixture with kaolin reduced turbine-capacity losses to 3% (in 100 hours)
as compared with 2Z% with the magnesium naphthenate alone and Z7% for the kaolin
alone. ( 63) It is particularly interesting to note the results of X-ray examination of de-
posits in these three cases:

(1) Magnesium naphthenate - Deposits contained MgO, MgSO 4 . 6H 2 0,
MgSO 4 - 7 HzO, 3MgO" V2 0 5 , and An unidentifiable material.

(2) Kaolin - Deposits were mullite f3d12 O 3 " ZSiOZ), I NiO'VZO5 , and
an unidentifiable material.

(3) Magnesium naphthenate + kaolin - (a) With a small amount of kaolin
deposits were only MgSO 4 " 7H10 and unidentifiable material.
(b) With a ],rge aniount of kaolin the deposits consisted of 3MgO'V 2 O5

* and a water-soluble material with approximate composition of
14Mgo" I IA12 Oy ZZSiOZ. 8VZ0 5.

Under the conditions of these tests, magnesium, either alone or with a little kaolin,
formed sulfate rather than vanadate and deposited in large amounts. Additional kaolin
was needed in the mixture tu form the complex vanadium material which apparently was
sufficiently high melting to be carried through the system with a minimum of dennqition.

*| Proprietary oil-soluble materials h2 re gi:'cn indications of promise as deposit in-
hibitors also, A calcik.m additive reduced the sulfur and the vanadium content of super-
heater acposrts 1i nifir.antly, when used in boilers at the West Lynn plant of the General
Electric Companydi68). Moderate deposition occurred in an evaluation of oil-soluble
magnesium atcditives at the U. S. Naval Engineering Experiment Station. (179) An
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aluminum-containing soluble inhibitor has been shown to raise the ash-fusion tempera-
ture of a high-sodium fuel from 1720 F to somewhere in excess of 2250 F (Al:Na = 0. 75)
and that of a high-vanadiu fuel from 1ZZ5 F to a temperature greater than Z400 F
(AI:V = Z: 1. 92)(139).

Mixed Formulations. The use of ethyl silicate or mixed ethyl polysilicates in an
aromatic solvent has been claimed to maintain the efficiency of a gas turbine at 98% for
many hours. (145) A mixture of MgO and sodium naphthenate reportedly is effective in
reducing deposits in residual oils containing appreciable amounts of sulfur and vanadium.
Mixtures of magnesium tallate and KZC0 3 or talc and NaZCO 3 were effective as
well. (171) Case histories quoted in advertising for some proprietary additives point to
the usefulness of various metal acetylacctonates in combatting deposits and corrosion.

Economic Factors. In spite of the success of oil-soluble additives, their cost
militates against widespread use, even though they can be introduced into the system
more easily than solid additives. On the other hand, water-soluble salts that can be
emulsified in the oil have the same advantage of ease of introduction and are less ex-
pensive. Probably the truly oil-soluble additives will be restricted to rather spi.cialized

*• applications, where the expense can be justified.

Pilot Boiler Tests

The theoretical interpretatiun of the additive problem has been well substantiated
by experimental programs.

Investigation of additives in pilot scale furnaces we'e made by Mcllroy, Holler,
and Lee( 1 3 1 ), Rendle, Wilsdun, and Whittingham( 167), an%' Phillips and Wagoner(14 9 ).
In Mcllroy's experiments, coils of stainless steel tubing were positioned at different

heights above the combustion chamber in a vertical test rig, and the metal temperature
was adjusted by blowing compressed air through the coils. Temperatures from 750 to
1350 F were maintained. Oil containing the various additives was burned, ankd the nature
of the deposits was observed. Oxides of aluminum, magnesium, and calcium, in that
order, gave best resulI', that is, readily iemovable powdery deposits.

A similar technique was used by Rendle and assoclates( 1 6 7 ) in a pilot-scale boiler
rig operating up to 1300 F. Two tube banks were placcd at desli.rtaed distances from
the combustion chamber in a horizontal furnace, and the metal temperatures were ad-
justed by blowing air through the tubes. Low- and high-vanadium fuels were burned. In
the additive studies, Swedish dolomite with an average particle size of 100 microns and
Norwegian dolomite with an average particle size of 15 microns were fed into the flame
from a vibr., ing tray. It was found that injection of dolomite equal tv 0. O4% of ask,

0 weight reduced the corrc.sion resulting from vanadium. However, there was an ihLrease

in the nreisure drop across the fire-side .f the tube banks. This was taken as a meas-
ure of -ouling. With t)_- Swedish dolomite, htavy fouling occurred after about 150 hours
of operation. The Norwegian dolomite (with a higher magnesium content) also caused
heavy fouling, but the deposits were softer and less adherent. Analyses of the deposits
were not available.

0 A T T E L L E M JE M O A I A L I N S6 I T 0 T E

-S



103

Phillips and Wagoner also used a horizontal pilot-scale furnace, with three tube
banks of five tubes each placed in three gas-temperature zones: 2500 F, 2100 F, and
1700 F, respectively. The tubes were cooled with steam to obtain approximately the
same tube temperature in all three zones. Diesel oil with added compounds of sodium,
vanadium and sulfur was burned to provide the oil-ash constituents. In the additive
tests, MgO, Mg(OH) 2 , and CaCe 3 MgCO 3 as dry powders, were blown into the gas

stream by compressed air. Significant reduction in corrosion was reported. The alloys
under test suffered less corrosion at a metal temperature of 1200 F than at 1100 F with-
out the additive. A ratio of magnesium to vanadium of at least 3 to 1 was required. It

was emphasized that data obtained in other experiments under the isothermal conditions
applicable to gas-turbine operation could not be applied to boiler operation, where a
considerable difference exists between the gas and metal temperature.

Other laboratory and test-rig screening tests on possible additives have been re-
ported(4 , 5 4 ,7 3 ). The test conditions were more applicable to gas turbines than to steam
boilers. All of the results are not discussed in detail here, but several interesting
points are worthy of mention. For example, it was observed that (a) the order of effec-
tiveness of additives is different on iron-base alloys than on nickel-base alloys and

(b) the order may change with temperature. Also, oil-soluble compounds of elements
are not nccessarily more effective than aqueous solutions or insoluble powders. In
Amero's work(4 ), many of the additives substantially reduced corrosion. Micronized
talc, KMnO 4 , and MgO were effective in small-burner tests at estimated materials cost
of I, 11, and 0. 8 cent/barrel of fuel, respectively. Reduction in corrosion is not di-
rectly proportional to the concentration of the additive. The first increment apparently
reduced corrosion more than did subsequent additions.

This review indicates that selection of an additive is not determined solely by its
corrosion-inhibiting effects. Some of the other requirements include low cost, com-
mercial availability, and effectiveness over a range of temperatures and on different
alloy compositions. The effect on formation of deposits and their properties must not
be overlooked. A factor that has not been discussed here, but which would undoubtedly

be very important in practice, is the design of feeding mechanisms for the additives.

Control of Gas-Turbine Deposit.

A considerable portion of the published papers and reports dealing with additives
is directed to the problem as it pertains to gas-turbine applications. This is because
operating temperatures are higher than in boilers, accentuating the molten-ash problem,
and because relatively small quantities of deposits on turbine biacies result in a signifi-

cant drop in efficiency. In discussing developments that may apply to steam boilers,
brief reference is made to these gas-turbine results because the inherent causes and
cures are the same as for boilers.

Buckland( 2 4 ), reporting on tests )f the effect of add-t!-"e on deposit& in full-scale
gas turbines, conduct.;0 at the Rutland and Graham S;ations, found that increasing thej alum.z,,.rn content of the fuel with respect t'r Its vanadium content decreased the deposi-
L on rate. Howevee, deposits increased w.th increasing magna3ium content of the addi-
tive. Nevertheless, in practice the use of magnesium compounds has been preferred forI reasons of economy. Young and his associates(22 5 ) have shown experimentally that MgO
additions to residual fuels have reduced corrosion, both from Na 2 SO 4 and VZO 5 , and

* |have made the deposits porous and friable.
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Sulzer(19 6 ) has stated that promising results were obtained with a suspension of
aluminum silicates iz, the residual oil used with a semiclosed-cycle 20,000-kw gas-
turbine plant in Switzerland. The fuel contained 0.05% ash, consisting of 0. 03% VO 5
and 0. 01% Na 2 O, with an additional 1. 90 sulfur. With no additives in the fuel severe
blade fouling occurred in the first three stages of the turbine after 50 hours of operation.
The deposits consisted mainly of ash with dissolved corrosion products. With treated
fuel, the turbine was still operating after ZZ00 hours, and no reduction in performance
from fouling was detected. Fine deposits consisting of clear globules and needlelike
"crystals were visible on the backs of the blades of the final stages. Each of the globules
resulted from the combustion of an oil droplet mixed with fuel additive. These particles
consisted of about 90% silicates and contained 60 to 80% of the ash of the oil. Their
melting point was about 2500 F, which was high enough to prevent adhesion in the tur-
bine. The aluminum silicate is believed to dehydrate and eventually convert to mullite:

mAz0 3 .ZSiOZ -'HO -0 A12 0 3 + ZSiO 2 + 2H7 .AzO3 -SiO + 2 Siez a Zo

kaolin mullite

The use za aluminum silicate as an additive has been patented. (ROO)

0 Hydrated calcium silicate(170) and magnesium silicate or a mixture of magnesium
and silicon compounds(I1 6 ) have been fuund sufficiently effective in spo"Il.- cases to
have been patented also. A mixture of calcium acetate and basic calcium sulfonate in a
light oil has recently been patcnted( 1 4 0 ) as an additive to mininhize depooits from burn-
ing residual fuels.

A few other solids such as talc, kieselguhr, and di!,ton-tceous earth have shown
• y. effectiveness as additives in gas turbines(19 7 ), while the use of crushed walnut shells

(300 to 700 microns) as a deposit preventive has been patented(lI0). Retardation of de-
posits in this case has been ascribed to mechanical rather than chemical effects.

A fuel oil, given a desalting treatment and containing a water-soluble, emulsifiable
additive, was fed to a gas turbine. Its successful operation has been reported by
Buckland( 2 3 ,Z 6 ). Early turbine operation with a calcium additive experienced slight
corrosion with a great deal of deposition. Since a water solution of magnesium sulfate
has been used as an additive, depasition aad corrosion have been almost eliminated.
However, desalting b' washing and centrifuging to bring the sodium and calcium content
of the oil below 10 ppm is a necessary preliminary step. The magnesium-to-vanadium

* ratio is maintained at 3 or greater, while the sodium-to-vanadium ratio is kept below
0. 3 for good results.

A number of reports have been written on the work carried on at the National Gas
Turbine Establishment in England. Inorganic oxides were mixed with V2 0 5 and heated
to about 1500 F. The mixtures that did not liqu-fy were tested (usually at 1300 to 1500 F)
in contact with some of the alloys used ;n gat turbines. Snr'.e of thP teatb were madc IP
air and others in air containing 0. l• SO.. Additional tests were made in mixttures of
prupij -., additives and ashes from Admiraltv reference fuels.

In all nf these tests only magnesia and zinc oxide were considered satisfactory ad-
ditives to suppress corrosion. Magnesia was reported to be slightly better at tempera-
tures over 1500 F, while zinc oxide was better below 1500 F. When SO 3 was present in
the test atmosphere, calcium vanadate was converted to calcium sulfate. In another
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investigation oil-soluble metal naphthenates were added to a reference fuel and the be-
havior examined in a test rig. The zinc compound proved to be the best additive in this
experiment, reducing corrosion to one-tenth the original value. Magnesium and calcium
compounds were next in order of effectiveness. Aluminum and iron comp, rods reduced
corrosion by about one-half but caused excessive deposits. Another series of reports,
also applying to gas turbines, described the investigations of The Shell Petroleum Com-
pany, Ltd. Again, magnesium and zinc compounds were reported to be the most effec-
tive in reducing corrosion when addea in sufficient quantity to form the orthovanadates.
An undesirable effect of magnesium was its tendency to slag on the silica-alumina re-
fractories in combustion chambers. Magnesium additive was said to have only a mar-
ginal influence on ash deposition. Tests on a Ruston and Hornsby 3CT gas turbine
showed that a mixture of kaolin and magnesium had a beneficial effect. Magnesium sul-
fate showed promise because corrosion was reduced and the deposits that formed were
loose and readily removed.

Agreement among investigators is not complete as to the relativ'. efficacy of mag-
nesium additives. In the study of the oil-fired gas turbine aboard the tanker "Auris"
(owned by Shell Petroleum, Ltd.), magnesium salt additions caused excessive slagging
of refractories( 1l0). Kaolin, Al1O 3 " ?SiOz" HzO, and ethyl silicate were the only satis-
factory additives reported to have any promise. Ethyl silicate is oil soluble but expen-

Ssive, whereas the insoluble 3 to 4-micron particles of kaolin tended to settle in the oil.
The protective action of the silicate additives was thought to result from enveloping of
the ash particles in glasslike spheres that did not adhere to the metal. However, the
mechanism is not fully understood.

Another report on some very early woxk applicable to gas turbines was given by
Stauffer( 194). Alloy specimens were heated in contact with mixtures of ash and various
additives at temperatures ranging from 1380 to 1560 F. Only cerium sulfate and cal-
cium oxide produced significant decrease in corrosion. Darling( 4 7 ) noted that fouling in
a gas turbine operating at a mr.ximum temperature of 1050 F wan decreased to almost
zero by changing the atomization to form oil droplets with minimum diameters of 77 mi-
crons. The oil droplets are not burned completely, and the ash particles leave the
combustion chamber in a hard, dry form encased in carbon. No additive was used.

Treatment of Surfaces W-_h Aqueous Slurries

Greene-t' 7 0) reviewed the work that has been conducted at the U. S. Naval Engi-
necring Experimeitt Station (EES) and elsewhere. Today's most urgent need, he con-

* cludet., is simple and practical remedial measures to Anablr cu. rent equipment to oper-
ate with present coutarninated fuel. Basic solutions to the problem, such aa the use of
fuel additives, or the substitution of more highly corrosion-resistant materials are

%[ neither applicable ior feaible in naval equipment. Therefore, an investigation of the
use of simple washes and similar coatings, to be applied directly to contaminated boiler
.urfaces, was und-rtaken in the laboratory at Anrtiplis.

Se-The technique uied for ev.-l'iatiag corrosion 4ehavio- in this, and other EF.S in-

Svt'.stl.ttic.,& i% briefly .%s follows.

(I) Metallic specimens are preconta:ninated by immersion in molten syn-

thetic ash at 1600 F for .! hours. Two mixtures that have been used
* are (a) 70%, V?0 5 + ,V Nil ISO4 or (b) 79¶ VzO 5 + Z1% NaVe 3 .
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(Z) The specimens are then painted with a thick water slurry of various
compounds being tested.

(3) After drying, the relative corrosion resistance is determined by heat-
ing at 1600 F in oxygen at atmospheric pressure and measuring the
quantity of oxygen consumed by the corrosion reaction. Time of test
is usually 3 hours, and the results are compared with those obtained
on untreated and uncontaminated surfaces, using change in weight as
the criterion of corrosion.

The effectiveness of the various remedial treatments is shown in Figure 42 taken
from a report by Greenert and Richards( 7 3 ). The bar chart shows that slurries of com-
pounds of calcium, magnesium, and barium reduced corrosion by as much as 9016. In-
expensive hydrated lime was shown to be as effective as chemically pure calciurn oxide.
The beneficial effect is shown to persist over longer periodL, in Figure 43(74). It was
also observed that treatment with the calcium and magnesium s!urries inade the vana-
dium ash deposits more water soluble.

Additional experiments were conducted( 72 ) to develop practical treatments. Two
treatments were developed that are intended primarily for boilers. The first one, suit-
able for use while steaming, or in a standby status, involves only periodic apr.!ication
of a water slurry of hydrated lime to sensitive boiler parts. The slurr/ may be applied
through soot blowers or by a lance through boiler ports. The amount of slurry and fre-
quency of application would depend on the vanadium content of the fuel and the amount of
fuel fired. Visual observation of slag deposition would help to determine this. The sec-
ond treatment is primarily intended to condition the slag for easy ramoval prior to shut-
down for cleaning or overhaul. This involves an application of lime or calciuni and mag-
nesium oxide, as in the first treatment, and a period of heavy firing just before

N shutdown. This makes the slag more water soluble and easier to remove. No change
in standard washing procedures would be required.

A• Economic considerations necessarily play a large role in deciding what materials
are practical for use as additives. McIlroy and Lee(M31) found alumina to be. the best
additive for steam-generating units, with magnesium and calcium oyides promising.
However, dolomite (N1gC03GaCO 3 ) was eventually put into use rpather than any of these
three because it was more desirable from operating and economic standpoints. The use
of dolomitic lime was also found practical by Campbell( 3 1), with the result that ash de-
posits became powderi and easily removable. Corrosion in the cooler parts of the eye-

tern was also materially reduced.

_ It is interesting to note that a slurry-spra-ing procedure Iwo been reported to be
operating successfully at boiler plants of the Florida Power and Light Company. The

,4. procedure was described by Keck(l10) in 1959. In the initial inv-stigation, coating the
metal surfacep with a fine spray of calcium oxide-water slurry, prevented the adherence
of slag deposits. Furthermore, a similAr spray application to a heavily sl.aged boiler
caused lay•s of Olag to dislodge from the surf.ce antd drop to the furnece flooe. The

S*pre.y is applied thro-A h -,oot blowers: & discussiun of the equ-prnent is given La the

IpapC r.

V Additional operating experiences with the process are given in a later paper by
Keck( 10 10. Discussion of the developm-mnt of the optimum slurry formula, processing
"schedules, and operating experience is given. At the Fort Myers boiler, the slurry is

" A T T E L L E U e 6 0 R I A L IN ST I T U T



107

90

, 0

0

60

40

30
0

u

¾r"

FIGURE 42. EFFECTIVENESS OF RlEMEDIAL TREATMENTS IN ARRESTING
ACCELERATED OXID)ATION OF LABORATORY-
COINTAMINATED SPECIMENS(7 3 )

The alkt'iline earth comec~tind8 were applied &a thick

S

6av A ELLr fU0 ALI TIT.



108

2400 -.-.- -

2200

2000 /

u1600

•4)n/rated

E 1400

C

o)1200

% I-000

U,<
A

0

800- /

600

400

0SoC - - ------ • _ lcO- ---------

0 20 40 60 80 100 ft0 140 16M 180 200
Time, howr &-9401

FIGURE 43. OXYGEN CONSUMPTION OF LABORATORY-CONTAMINATED SPFCI'.'ENS
SHOWING EF•:'ECT OF CGO SEMEDIAL TRLA'rMLKI" DLRING L;,,-

TERM OXIDA':ION PERIOD( 7 4 )

Test temperature, 1600 F; specinion material, 25Cr-M0Ni ostel.

O A T T E L L C E UM 0 I A L I N S T I T U T E



109

composed of 0. 25 pound of ground calcined magnesite mixed with treated water to form
I gallon of slurry. The magnesite is ground so that 95% passes through an ASTM
No. 100 sieve. The magnesite has a magnesium oxide-to-calcium oxide ratio of 20 to 1.

All surfaces exposed to gas temperatures exceeding 1000 F were washed daily with
the slurry, and surfaces exposed to gas temperatures below 1000 F were sprayed
weekly. This procedure rmade it possible to maintain surfaces relatively free of dppos-
its and corrosion. Superheater and reheater tubes were examined during an unscheduled
shutdown after 39 months of operation, during which fuel averaging 1. 881 sulfur and
400 to 500 ppm of V 2 0 5 was used. It was found that all samples were within the thick-
ness tolerances specified for new tubes. The process was also described by Cantieri
and Ghappell( 3 3 ). Corrosion is not discussed sufficiently in the above papers on slurry
spraying to enable one to visualize the extent of corrosion quantitatively. Cantieri re-
ported that superheater hangers do not receive the degree of protection from slurry
spray to prevent deterioration in the course of time because of their very high metal
temperatures.

Other Boiler Experiments

Heavy buildup of deposits with additives may in some cases be at~ributable to inef-
* 9ficient soot-blowing facilities. Greenwood{ 7 1) carried out duplicate tests on two similar

marine boilers, one having retractable steam blowers and the other with air puff blow-
ers. When MgO was added at the rate of 0. 1 per cent of fuel weight to residual oil hav-
ing 300 ppm of vanadium the boiler with steam blowers was still 95% clean after
3-1/2 months of operation. The boiler having air puff soot blowers was 90% plugged
after 5 months of operation. The condition of the latter boiler was worse than one in
which no additive had been used. Consequently, the efficiency of an additive may depend
on the conditions under which it is employed. The additive may be reacting with ash
constituents to raise their mnciting point, but some other factor may cancel this bene-
ficial effect.

Table 18 lists a summary of experiences using dolomite injected (a) as a slurry or
(b) as a dry powder. The advantages in each case must be weighed against the
disadvantages.

FUEL. PRE P 'REA1"MENTS AT THE BOILER PLANT

As problems involving t-orrosion and deposits developed in boiler and gas-turbine
unit % fired with residual oils, one of the first steps taken was to investigate possible
ways to reduce the c,,nvcentratinn of 2sh-formming cnstitkue.ts to a lower and Perhaps
.•-• more -hlere level. This in.erest persists, partictilarlv kt•tl regard t- reduc,.on of
"the aubtitances fo.und to Le prinariliy re.&p-nsibe for .he tro,ý,.es encountered, •,auiely

. Ivania.um and alkali mctli compound%. 0 es.dnal oilp are br-products of refinery proc-
cssec u:-ir'ed primarily to produce the htLhest possible yieldp of gasoline arid the i%,jh-
value-distillate hydrocarbon fuels. Fuel-oil prices are scheduled to be competitive uith
other lo•--cost fuels, especially coal. The cost of any addittunal processin• at the re-
"finery to improve the quality of residual fuel oils must be allocated either to an in-
creased price for the residual product or be included in the charges for the high-value-
d•s.tIlate fuels. Neather procedure can usually be justified economically. As long as
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TADLE 18. SUMMARY OF EXPERIENCES WITH DOLOMITE ADDED TO BOILER FURNACES AS SLURRIES AND POWDEiS( 9 3 )

Company or Method of InJec-
Country Authority Power Station Dotage Rate tion Into Furnace Advantages Disadvantages

United States of Florida Power Inglis Dolomite I As a slurry In oil Reduced slag forms- Blockages in oil sup-
America Corporation Oil h = & t1on and super- ply lines and

beater blockaget strainemt bumer-

reduced corrotive noz2le veX
quality of flue

gasesi lowered dew-
point from 270 to
160 P

United States of Public Service Kleany Dolomite 2 As a slimy in oil Reduced bonded de- Pump we4ar block-
America Electric and Oil ash = posit formation age in convection

Gas Company on superheater superheater
surfaces

United States of Public Service Sewarea Dolomite I As a slurry In oil No definite Slagging in com-
0America Electric and Oil u- 1 conclu.ons bumtion chamber

GaS ComMany and on super-
heater toas

United States of Consolated Not stated Dolomite I As a slurry in oil Rate of blockage Not Vey succsul
V America EdiSow Co. of Ois -ahls In superheter

New York probably reduced

lBrazil &an laulo Light Piratininga Dolomite ics) Injected into flame Superheater deposits Slagging in com-
#ad Power Co., Oalsah •1 of each burner in made friable bustiott chamber
Ltd. form of dry powder

Rance Electriciti de Nantes-Chevtri 2.0 lb/ Injected u dry pow- Superheater deposits Rsap!; fouling in
France 1. 000 lb oil der through tto made dry W sperhetter, even

opposig8 coal pondeqy with mom ftc-
bumret qucat toot blowing

FRance Electriclti de Dieppedatle 2 to I lb/ As a d•y powder None Slag foemation o0
France 1. 00 lb oil into flame Mr bdekwk k .aroundinto top of com- blnerst rapid

busioa camrt•r supeeater foulng

Great Btltaki Central Flecalc- Southport 6 lb/ As a dry powder Re,.uced dewpoint Caused blockap ke
Soity Generating 1. 000 lb oil Euough comfnoo 0f "'lot go" frM "bheater

Dow'dwaabox tofour 300 to U0OF

IN ibuxomr

(a) Later added at a rate based on amount o( deposit tfoming coumt scan in oil ash
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much of the residual fuel produced can be sold "as is" for steam-power generation,
further processing ordinarily cannot be justified by the refiner on economic grounds.

Nevertheless, it is to the advantage of the consumer to carry out some processing
of residual fuel when specialized applications such as the gas turbine are involved. As
a result, some experimental work has been done to improve the quality of residual oils
for special applications.

Water Washing

Processes involving water washing and centrifuging have been used with consid-
e-able success in preparing residual fuel for use in diesel engines, gas turbines, and
marine plants. Centrifuging alone is useful in. removing water from the fue!l. If the
associated water contains chlorides of sodium, magnesium, and calcium, these salts
will be removed. If an emulsion is present, removal of the water entails some loss of
oil. When microcrystalline salts are present, a preliminary washing with water will

provide reoieval, again with the formation of undesirable emulsions unless an effective
emulsion-breaking compound is added to thE fuel oil before washing. The oil-soluble
organometallic substhnces are not removed by centrifuging.

Buckland and Sar.ders(26), of the General Electric Company, have described a

combination water washing and centrifuging process for modifying the ash content of
residual fuel oils. The process consists of mixing the oil intimately with either fresh
water or a water solution of a suitable s,Jt, and then centrifuging the mixture. Before

the mixing process, the oil is heated and an emulsion breaker is added to aid in the
separation of the oil and water phases in the centrifuge and in the sludge tank. The
centrifuge used was of the c:itinuous, self-cleaning concentrator type.

Vanadium was not removed by the centrifuging process. Benefits of thf washing-

centrifuging process included: (11 reduction of the sodium content of the oil to 10 ppm
or less; (2) adjustment of the ratio of the weight of sodium in the ash to vanadium in the
ash to a value of 0. 3 or le.:;, to avoid corrosion, and (3) a convenient method of con-

verting vanadium to the high-melting 3MgO" VO 5 compound by maintaining a 3-to-i ratio
of the weight of magnesiuim to the' weight 'f vanadium in the ash. The particular limiting

Sratios mentionedI -i;-. 3uggested specifications found useful in earlier studies of corrosion

'4and deposits in tas turbines burning heavy fuel oils. Costs of the treatment were esti-
mated to be 14 cents per barrel, including the heat, most of which would be required in

any event. The authors believe that these costs could be red,.cod to 5 ceiIs per barrel
or less, at which stage the process might become attractive for use in utility planta.

DownjIg( 5 0 ) and co-workers also have studied the treatment of residual fuel for

* Iuse in tnzirine diesel engines. Their treatment consists of heating the oil to 208 F, add-
, ing a denul sifyig agent and mixing, washing with re ,h wMer, and finally centr•fuging.

rh-.y report that 957,6 f the sodiuni present is removed by tht, combined water wash-
cent-i°,:qinq n,,ethcd, (onpared 'ith 65% rr.noved by centriluging alone. Costs were
estinated to be *hie .sange of 5 to 10 cznts per barrel.

The relative ineffectiveneso of employing centrifuging for the removal of vanadium
compounds from residual oil is illustrated by tests reported by Kottcamp and
Crockett( 1 0 7). Table 19 lists data obtained by centrifuging three No. 6 fuel oils.
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Although treatment by centrifuging reduced the total ash content in the oil, it had no ef-
fect in reducing the vanadium content. Indeed, since the total quantity of ash was re-
duced without effect on the vanadium present, the percentage of vanadium in the ash,
computed as V2 0 5 , was increased. The authors point out that if specifications for fuel
oil limit the vanadium content by specifying maximum limits for V_0 5 in the ash, cen-
trifuging may have undesirable results.

TABLE 19. EFFECT OF CENTRIFUGING ON THE VANADIUM CONTENT
OF NO. 6 FUEL OIL(1 0 7 )

Oil A Oil B Oil C
Constituent Before After Before After Before After

Ash, per cent by weight 0. 057 0. 036 0.055 0. 048 0. 035 0.011
of oil

Vanadium as V 2 0 5 , per 7.9 13.4 56.5 65.0 11.1 Z7.5
cent of total ash

Vanadium, ppm of oil Z6 27 174 175 22 17

Studies conducted at the Naval Boiler and Turbine Laboratory(5 9 ) showed that
the sodium concentration in a number of Navy special fuel-oil samples was reduced to
5 ppm or less by water washing. Solutions of monobasic or dibasic ammonium phos-
phate were recommended for washing, in order to combat vanadium corrosion without
introducing other metals.

Filtration

inorganic materials such as scale, sand, dirt, and some of the crystalline salts
present can be removed by filtration. Removal of oil-soluble compounds, including the
organome allic complves containing vanadium, is not accomplished by simple filtration.

Fhields(184) has reportud studies involving the filtration of No. 6 fuel oil ucin3 a
rotary vacuum filter and a precoat base of diatomaceous earth and calcined clay filter
aids. Results obtaint-0 with one No. f fuel oil are shown in Table 20.

The codium content of the oil was greatly reduced. Substantial reductions were
achieved in calcium, alumi,%um, iron, lead, magnesium, and totkl &sh. The vanadium
cotitent was little affected. 'rests with other No. 6 fuel oils gave similar results. The
author indicatts that the process using a continuous rotary filter, with use of precoat,
is economically feasible to provide fuel for gas-turbines. A similar proceas, utilizing
filter aids and an ordinary filter press, was developed by Sinclair Oil.( 1 6 4 ) Reductions
in mineral czr, tent of the same order of magnitude ar swn in Tabl 20 were obtained.

Another method (if removing the water from the fuel oil is to employ electro-
coaleirence. The ;.gitatted fuel oil is pass-4i hrough ai electrostattc field provided by
electrodes maintained at about 5,000 volts potential difference. This field tends to coa-lesce the wa~er and allow ready separation.
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TABLE 20. RESULTS OF FILTERING A NO.. 6 FUEL OIL
AS SHOWN BY ASH ANALYSES(i184)

Before Filtration, After Filtration,
Element ppm in oil ppm in oil

Na 217 2
Ca 250 48
Ni z0 14
Al 23 4.1
Fe 47 20M 5
Pb 13.6 2
Cr Z. 1 2
Mg -18 5.8
V 38 31.8
Cu 8 2
Zn 16 16
Ag 1 1
Mn 2 2
Ti 2 2
SSn 2 2
Tot,.l ash izo0 260
Sediment, per cent 0. 0860 0. 0097

Ion-Exchange Methods

Some interest has developed in recent years concerning the use of ion-exchange
methods for deminerali-Ling fuel oils, particularly for removal of sodium. Essentially,
an ion-exchange process involves preheating the oil to perhaps 250 F and passing the oil
through a bed of cation-exchange resin. The resins are of the hydrogen or ammonium
type, and the process results in the removal of sodium, magnesium, and calcium.
Work in this field has been done by the Brooklyn Polytechnic Institute(7 5) for the Office

4 of Naval Research and by several oil con-panies.

The work at Brooklyn Polytech included tests of a large number of ion-exchange
resins in attempts to remove vanadium. Wide rangos of experinnental conditions were
studied, but the attempts were unsuccessful. However, it was found that up to about
909 of the sodium in oil-sea water emulsions containing up to 1000 ppm of sodium could
be removed by use of an antmoniumn ion-exchange resin. The effects of factors such as
temperature, sodium concentration, demulsifying agents, space velocities, oil viscos-
ity, and type of resin were studied. The econu.nic factors related to practica! ;ie of
the process were treated briefly, but iorn the data given, i: is not possible t0 rnke
dire-t comparisons with the costs of wat.ir washing or othcr methods.

Although some oil companies have indicated an interest in the possibilities of re-
moving sodium from fuel oils by ion-exchange methods, economic data or details of any
practical applications are not available. One company, in 1954, made preliminary cost

I
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estimates involving a comparison of an ion-exchange process and a water wash-
centrifuge method. The comparison showed operating and investment costs totalling
10. 5 cents per barrel for the ion-exchange process (ammonium resin) compared with
12. 8 cents per barrel for the water washing-centrifuging method. However, lack of
data regarding the ability of the process to remove sodium to a level of less than
10 ppm, resin stability, and applicability of the process to specific fuel oils resulted in
lack of interest in the process. It is possible, however, that use of newer resins, per-
mitting higher oil preheat temperatures, lower viscosities, and higher space velocities,
might furnish a basis for a worthwhile extension of the study.

Chemical Treatment

The removal of vanadium from residual oils has been effe,.tad chiefly by hydro-
genation of the oil, followed either by filtration or by solvent extraction. "The treatment
with hydrogen at elevated temperature and pressure converts the vanadium porphyrins
either into insoluble forms that can be removed by filtration or into smaller fragments
that are soluble in organic solvents. A patent for such a process has been issued to
Bieber and Hartzband(, ) of Esso Research and Engineerbig. The combination t' high-
pressure hydrogen treatment and solvent extraction that they used was ckimed to have
removed 96. 6% of the nickel and 98% of the vanadium in a Venezuelan crude, with 90%
yield of oil. Extraction alone removed only 10% of the vanadium, while hydrogenation
alone removed 58%. Hess and associates(16 ) of Texaco. Inc., have also received a
patent for hydrogen pressure treatment, followed by filtration. They claimed "essen-
tially complete removal of vanadium".

A series of patents have been issued to F. W. B. Porter and R. P. Northcott,
assigned ny concerning the removal of vanadium and
sodium from petroleum products( 15 4  J 1 5 57). The method Lavolved passing the oil

through beds of material such as bauxite in the presence of hydrogen at pressures rang-
ing from 500 to 1500 psig and at temperatures of 750 to 800 F. Space velocities were
maintained in the range of 0. 5 to 2. 0 volumes per volume per hour. The method was
developed for use with petroleum stock to be treated by a catalytic hydrogenation process
for the removal of organicaily combined sulfur. The object was to remove vanadium and
sodium which might otherwise deposit on the cobalt-molybdenum oxide catalyst and lower
its activity. The inventcrs claimL that about 70% of the vanadium, in a Kuwait crude oil
containing 22 ppm, and 90 to 95% of the sodium could be removed. The removal of the
vanadium is believed to be promoted by the hydrogenation, whereas removal of the
sodium by the bauxite is primarily a physical proc.ess which is nc, .nproved by the hy-
drogen treatment.

The -ernoval of vanadium by treatment with iodine is covered in a patent issued to
Kava~agh and Chealul( 9 7 ) of the Texas Company. The vanadium complex in the oil is
converted to :':i inqoluble compound which can theiL be removed by filtraticn. Ini laoora-

S. tory experiments with a Mava crude, the vanadium level was reduced from ZOO pprn to
17 ppm and the nickel frmrn 15 to I ppm by :his process.

A number of older patents have claimed hydrogen treatment at different pressures,
spi.ce veloc'iits, and temperatures as effective means for removing vanadium from
residual oils with efficiencies from 70 to 90%.
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Solvent Precipitation

It is possible to separate most of the ash-forming constituents from fuel oil by
treatment with selective solvents. The addition of certain solvents to residual fuel oils
precipitates the colloidal asphaltenes of types and in amounts varying with the type of
solvent, temperature, ratio of solvent to fuel, and other conditions of precipitation.
Surface-tension considerations determine whether the asphaltenes are precipitated or
brought into solution in the solvent. Since the vanadium porphyrin complexes prebant it
the oil are of relatively high molecular weight, it would be expected that they would be
precipitated in substantial amounts with the asphaltenes.

Sacks(1 7 7 ) and others have studied the effect of solvents on heavy fuel oils and
have found that n-pentane, for example, removes from 83 to 95%6 of the vanadium re-
gardless of the source of the fuel or the original vanadium zontent. A large proportion
of the iron and nickel compounds was also precipitated. Other effective solvents were
found to be petroleum ether and ethyl acetate. Naphtha had no precipitating effect on th
vanadium; it appeared to remove asphaltenes of molecular size higher than that of the
vanadiuwa compoluids present.

* Garner et al. (66) found that 9714 of the vanadium, 99% of the nickel, and 86% of th
iron were removed from a Middle East residual oil when the asphalt was precipitated bj
propane treatment.

However, methods of solvent treatment of this type are expensive and result in
substantial losses of oil. Thus, they cannot be considered economically feasible under
ordinary circumstances.

A
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CONCLUSIONS AND RECOMMENDATIONS

In many areas of the world, residual fuel oil is attractively priced and Teadily
available. Steam-raising stations under -ontrol of the BureLu of Yardsand Docks &long
coastal areas a.e using residual fuel oil in increasing amounts.

Unfortu4ely, the quality of the fu-t oil being offered by many of the r flners is
deteriorating. As a result of the higher ash content and the sulfur presentý the corrosior
and deposit problems in the boiler have become ,.2e.-it_,eorre• Where the boiler is
of good design and the operator follows good housekee•pin4& r ees, expcrence has
shown that in many cases the corrosion and dOxAp"t froblem can be kept under reasonableI control.. .-

•rhis topical report described in detail the many problems encountered in boilers.
These diffictilties can be classed as either low- or high-temperature problems The
low-temperature problems, 'in the air preheater and stack, for example, are )- tributed

- to the presence of sulfuric acid in the flue gases. For these probleme it uggested
that combustion of the oil with a minimumo ~v -'- bh~ ~de c as the primary means
of minimizing corrosion and deposits. ith properly designed burners and controls, it
should be possible to reduce greatly the SO 3 content of flue gases, A twofold effect
would occur: (1) the dewpoint would be lowered to where dry coaditions prevail and con-
densation of sulfuric acid in the air preheater and econgmiz{r would be prevented and
(2) the amount of SO 3 available for the formation- of corrosive compounds from the! NaZ0-SO3-V205 system would be minimize-d. This would be helpful also in alleviating
the high-temperature problems. It is recognized that to operate a boiler on minimum
excess air will require special equipment, elaborate controls, amd operator training.

"%n very small- sized boiler units, where operation with low ,oxcess air may not be
, practical, raising the exit-gas temperature sufficiently to ensure that the sulfuric acid
Scdewpoint is never reached would eliminate the low temperature corrosion This result

would be at the cost of somc efficiency in operation but could still be the,*Iost economi-
cal corrective measure available. .or Rituation's in which low-temperature corrosion in
limited to the stack.I. insulation to Ynairitain adequate wall temperatures is recommended.

High-temperature problems, occurring at locations where the metal surface
temperatures are about 900 F or higher, appear to be more coirplext Oxidation of the
metal surfaces, formation of ash compounds that are plastic or mnolten at the tempera-
ture of the metal surfaces, reaction between the metal and the molten ash, and absorp-
tion of oxygen through molten ash layers have all been reported to take part in the
reactions leading to corrosion and deposits.

* . 1Aw-ev*o•,f soiuion to the problem is to reduce O si-arm-temperatuzc require-
rne-A., so as to maintain a maxirnum iuperheater-tube surface temperature below 900 F,

-dow~wer, •There thls is not possible, Lhe use of additives should be considered ,.Com-
pounds of magnesium and calcium have shown the most promise, their functiud ing to
raise the melting point of the ash above the maximum metal temperature and to Lu i

- friable and readily removable deposits. The use of such compounds in the form of
powders has been beset by problems related to feeding and proportioning equipment an
to questions about where the powders should be injected into the boilers.
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The reports on additives are sometimes cordlicting. Additives may change the
character of the ash, affect the rate of deposition, neutralize sulfuric acid in the low
temperature zones, and affect local reactions such as oxidation by catalysts.

In boilers large enough to utilize soot blowers, applying a slurry of magnesium
and calcium compounds to the tubes should be examined. In smaller boilers, the intro
duction of slurries through lances, or by spraying, should also be considered.

In medium-sized boilers having high-temperature problems, a nonproprietary oi
soluble chemical compound, such as magnesium naphthenate, could probably be used t
advantage. Oil-soluble additives in general are too costly, but there may be some cir
cumstances in which the economics would justify the use of an oil-soluble additive.

These recommendations are summarized in Table 21.

TABLE 21. METHODS OF CORROSION CONTROL RECOMMENDED
FOR INVESTIGATION

Methods of Control
- Boiler Size High- Temperature Corrosion Low- Temperature Corrosion

Small Not applicable Raise exit-gas temperature

Medium Low excess air + oil-soluble Low excess air
additive or slurry-type
additive

Large Low excess air + slurry Low excess air
application

•'1
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APPENDIX A

PARTIAL LIST OF PATENTS ON ADDITIVES AND TREATMENTS
FOR REDUCING CORROSION AND DEPOSITS

CAUSED BY RESIDUAL FUEL OIL

German Patent 128,616 (1900)
British Patent 166,285 (19Z1)
U. S. Patent 1,657,753 (19Z8)

All are concerned with the use of V2 0 5 to catalyze the oxidation of SOZ to S03.

British Patent 689, 579 (1950)

Magnesium or zinc oxide, barium carbonate, or other metallic oxide which will
combine chemically with V2 O5, is injected into the apparatus to reduce corrosion of

* heat- resisting steel.

Swiss Patent 281,764 (1952)

Addition of inorganic chlorides such as NaCl, CaC12 or (NH 4 )Z-SnCl 6 to the fuel to
partially inhibit formation of combustion products that attack high-temperature alloys.

Swiss Patent 281, 765 (1952)

Addition of 5 g of A120 3/kg of fuel oil counteracts harmful effect of 0. Z,,. V 2 0 5 in
the oil. Other additives suggested are 7Arconiumn oxide; diatomaceous earth; SIC; CAC 2 ;
fBaCO 3 ; powdered iron, aluminum, silicon or ferrosilicon; and aluminum acetate.

U. S. Patent 2,687, 985 (1954)

Removal u: vanadium and sodium from petroleum by hydrogenation.

British Patent 743, 47Z (1956)

Addition of compounds that will react with the V2 0 5 to form a vanadium compound.
Selected from the group consisting of iron, aluminum, oxides of thele metalc, and

* compounds )I these metals yielding the oxides at ccnib-,stion temperatures.

urnPaent 946, 020 (1956)

j Surface-active AIZ03 or kaolin is added to the oil.
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Swiss Patent 314.443 (1956)

Aluminum silicate can be used as an additive for gas-turbine fuels to prevent
deposition and corrosion.

U. S. Patent 2,744, 853 (1956)

Removal of vanadium from petroleum by reaction with iodine.

U. S. Patent 2, 758, 060 (1956)

Removal of vanadium and sodium from crude oil by hydrogenation in the presence
of bauxite.

U. S. Patent 2,764, 525 (1956)

Removal of vanadium and sodium from petroleum using iron oxide and alumina.

U. S. Patent 2,766, 183 (1956)

Removal of vanadium and sodium from petroleum using Fuller' s e&ath.

British Patent 771, 597 (1957)

Magnesium or aluminum in the form of ribbon, wire, or rod, is introduced in tht
air stream of the turbine.

Britisn Patent 772,296 (1957)

Method comprises lhoth conducting the combustion in a re!ducing manner and adding
to the fuel or introducing into the comburtion space, or mixing with the combustion
products, an aiu1.iin..n ~ilicatt to l'.wer the vapor pressure of harmful subsL tcea.

U. S. Patent 2, 781, 005 (1957)

Additive is selected from the group consisting of magnesium and zinc oxides, or
magnesium and zinc compounds yielding the oxide on combustion. Introduced oxide to
V2 0 5 of at least 3 to 1.

U. . Pot,-nt 2. 793, 945 (1957)

Addition of hydrocarbon-soluble phosi'horus-containing organic compoaition to the
fuel oil.
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British Patent 799, 954 (1958)

Oil- soluble compounds of iron, tin, lead, or zirconium made from crude tall oil,
dissolved directly in the fuel oil to inhibit corrosion. Amount added is 0. 5 to 10 times
the amount necessary to form the orthovanadate with vanadium in the oil.

German Patent I. 041,6Z1 (1958)

Magnesium silicate is recommended as an additive to heavy oils to prevent
deposition and corrosion.

U. S. Patent Z, 843, 200 (1958)

Hydrated calcium silicate is claimed to be a useful additive to residual oils to
prevent deposition and corrosion.

U. S. Patent 2,.846, 358 (1958)

Use of cat- lytic hydrogenation combL.ed with solvent extraction removes nickel
and vanadium from crude oil.

U. S. Patent 2, 857, Z56 (1958)

Addition of an oxide uf arsenic tn the fuel, to obtain a mole ratio of As/V of
Z to 10/1. Corrosivenesý , f the as6 is lx-' 2t completely eliminated, even at 1200 F or
above.

German Patent 1, 050,-184 (1959r

A gel concentrate of an inorlanic material such as fine granular SiO, asbestos,
or MgCO 3 is added to Lhe oil at 14 F. "llie gs! - made from aluminum atearate.

U. S. Patent , 1? 434 (1950)

flydrogenation A pctrolw.un or residual oil uSlng heat and pressure converts
vanadium to solid which cxn bt removed by filtration.

,Britinh, P.'tcrt 8 ,21 (19!

Etiiyl silicate or mixe," ethyl po!jkiiicatee in an aromatic aolvent will reduce
d,-positi:.n in gs turbinez.
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British Patent 846, 174 (1960)

Stable dispersions of inorganic aluminum compoundb in mineral oil added to the

fuel oil to inhibit corrosion by vanadium or sodium comrpounds. Patent describes method
of preparing the dispersion.

U. S. Patent Z, 966, 029 (1960)

Add enough sea water, or corre )onding salts, to obtain a ratio of 1. 5 to 4.0

atoms of sodium per atom of vanadium in the fucl.

U. S. _2tent 2, 949, 008 (1960)

Mixtures of MgO and sodium naphthenate or K 2 C0 3 and magnesium tallate or talc
and Na 2 CO 3 are effective in reducing deposits and corrosion from high-vinadium fuel

oils.

U, S. Patent 2, 968, 148 (1961)

Addit.n of mixture containing 0 1 2% by wt ZnO and 0. 2% Na 2 CO 3 to a fuel contain-
ing 203 ppm vanadium and I ppm sodium to give a Zn/V mol ratio of 4/1 reduced
corrosion of Type 310 stainless steel from 1430 to 9 mg/sq in. Deposits reduced from
1150 to 80 mg/sq in. Test conducted at 1450 F.

U. S. Patent 3.,0 S85 (1961)

A mixture of calcium acetate and basic calciu-n suLonata in a light of1 
43 used a$

an addittve for residual oils.
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